
BREEDING AND IMPROVEMENT 
OF FARM ANIMALS 



McGRAW-HILL PUBLICATIONS IN THE 
AGRICULTURAL SCIENCES 

R. A. Brink, Consulting Editor 

Adriance and Brison • Propagation of Horticultural Plants 

Ahlcren • Forage Crops 

Anderson • Diseases of Fruit Crops 

Brown and Ware • Cotton 

Carroll and Krider - Swine Production 

Christopher • Introductory Horticulture 

Cruess • Commercial Fruit and Vegetable Products 

Dickson • Diseases of Field Crops 

Eckles, Combs, and Macy • Milk and Milk Products 

Elliott • Plant Breeding and Cytogenetics 

Fernald and Shepard • Applied Entomology 

Gardner, Bradford, and Hooker • The Fundamentals of Fruit Production 

Gustafson • Conservation of the Soil 

Gustafson • Soils and Soil Management 

Hayes, Immer, and Smith • Methods of Plant Breeding 

Heald • Manual of Plant Diseases 

Heald • Introduction to Plant Pathology 

Herrincton • Milk and Milk Processing 

Hutt • Genetics of the Fowl 

Jenny • Factors of Soil Formation 

Jull • Poultry Husbandry 

Laurie and Ries • Floriculture 

Leach • Insect Transmission of Plant Diseases 

Maynard and Loosli • Animal Nutrition 

Metcalf, Flint, and Metcalf • Destructive and Useful Insects 

Nevens • Principles of Milk Production 

Paterson • Statistical Technique in Agricultural Research 

Peters and Grummer • Livestock Production 

Rather and Harrison • Field Crops 

Rice, Andrews, Warwick, and Legates • Breeding and Improvement of Farm Animals 

Roadhouse and Henderson • The Market-milk Industry 

Robbins, Crafts, and Raynor • Weed Control 

Steinhaus • Principles of Insect Pathology 

Thompson • Soils and Soil Fertility 

Thompson and Kelly • Vegetable Crops 

Tracy, Armerdinc, and Hannah • Dairy Plant Management 

Walker • Diseases of Vegetable Crops 

Walker • Plant Pathology 

Wilson • Grain Crops 

Wolfe and Kipps • Production of Field Crops 

The late Leon J. Cole was Consulting Editor of this series from 1937 to 1948. 

There are also the related series of McGraw-Hill Publications in the Botanical 
Sciences, of which Edmund W. Sinnott is Consulting Editor, and in the Zoological 
Sciences, of which Edgar J. Boell is Consulting Editor. Tides in the Agricultural 
Sciences were published in these series in the period 1917 to 1937. 




breeding and improvement 

OF FARM ANIMALS 


VICTOR ARTHUR RICE 

Emeritus Professor of Animal Husbandry 
University of Massachusetts 
Director of Instruction in Agriculture, Pro Tern. 
North Carolina State College 

FREDERICK NEWCOMB ANDREWS 

Professor of Animal Husbandry 
Purdue University 

EVERETT JAMES WARWICK 

Animal Husbandry Research Division 
United States Department of Agriculture 

JAMES EDWARD LEGATES 

Professor of Animal Industry 
North Carolina State College 


FIFTH EDITION 


INTERNATIONAL STUDENT EDITION 


McGRAW-HILL BOOK COMPANY, INC. 


New York Toronto London 
KOGAKUSHA COMPANY. LTD. 

Tokyo 


banwarj LAI 4AIO 

SOCJASflLEB 

f * AA .**. 


H - * 4 



BREEDING AND IMPROVEMENT OF FARM ANIMALS 
INTERNATIONAL STUDENT EDITION 

Exclusive rights by Kogakusha Co., Ltd. for manufacture and export 
from Japan. This book cannot be re-exported from the country to 
which it is consigned by Kogakusha Co., Ltd. or by McGraw-Hill Book 
Company, Inc. or any of its subsidiaries. 


Copyright © 1957 by the McGraw-Hill Book Company, Inc. 
Copyright, 1926. 1954, 1942, 1951, by the McGraw-Hill Book Company, Inc. 
Copyright renewed 1954 by Victor Arthur Rice. All rights reserved. This 
book, or parts thereof, may not be reproduced in any form without permis¬ 
sion of the publishers. 


Library of Congress Catalog Card Number 56-11 


AllftHfi IQBAL LIBRARY 

IN ~ 

63546 



J.fr 

~cc 

Date 




>7 


ty i m 

535^6 


th) 


\ 


£ 3 & % & 2 & 




To 

Ail Who Love Fine Animals 








PREFACE 


Animal breeding began as an art many thousands of y^ ^ UntU 
the fairlv recent past it remained an art based on the general principle 
of trying to mate “the best to the best” in the belief that, by-andI large 
-like tends to beget like.” These very general principles ^led b ecders 
to make steady but slow progress in producing animals tetter nuted to 
provide man with some of his basic needs. These old principles wi 
doubt continue to serve as a general foundation for progress in animal 

^However, to the old art there have now been added the sciences of 
reproductive physiology and genetics. The necessity for the breeder 
to understand the physiological principles involved in reproduction needs 
no brief The role of heredity and the proportionate parts played by 
heredity and environmental factors in the final expression of an animal s 
qualities are gradually yielding to investigation. And the older general 
idea of trying to mate the “best to the best ’ 1 is undergoing constant 
modification. This is especially true in the sense that breeding systems 
are being used more and more to purge stock of its undesirable heredity 
and to create more efficient forms through controlled heterozygosity. 
The proper interpretation of research findings continues to call for more 
refined methods of statistical treatment. 

The time has arrived when it is well-nigh impossible for one to keep 
fully abreast of all the new developments and approaches in the scientific 
phases involved in animal improvement. The senior author realized 
this and met the need in the previous edition of this book by securing 
the assistance of Dr. Frederick N. Andrews in the reproductive field and 
Dr. Everett J. Warwick in that of animal breeding. He is happy that 
he was able to prevail upon them to continue their contributions in this 
revision and also to acquire the very competent services of Dr. J. E. 
Legates to handle the treatment of variation, population genetics, and 
dairy-cattle selection. 

Our joint efforts have had but one aim—to produce a text which would 
be as comprehensive as space permitted, factually sound, and written in 
an understandable, enlightening, and inspiring manner. If this goal 
has been fairly closely approached, we are happy. 


vu 



viii PREFACE 

The organization of this revision follows the pattern of previous edi¬ 
tions. To bring the material into smaller compass, the introductory 
material has been condensed, as has also the section on the basic principles 
of heredity, since most students now have a course in genetics prior to 
their course in animal breeding. However, a discussion of the basic 
principles of heredity is included and may serve as a refresher for those 
having had a course in genetics and as basic groundwork for an under¬ 
standing of heredity for those not having been previously exposed to 
genetics. 

Like all authors, we are greatly indebted to earlier workers and writers 
in our field. If we tried to name all of them, the list would not only be 
quite lengthy but would undoubtedly, though quite inadvertently, fail 
to be complete. If any friends who have been helpful to us in any way 
chance to read this book, they may recognize some of their own brain 
children and, we hope, be able to agree that we have at least decently 
clothed them. However, we would like to single out Dr. J. 0. Almquist 
and Dr. T. Y. Tanabe, of the Pennsylvania State University, for their 
assistance with certain illustrations and Dr. W. A. Craft, Regional Swine 
Breeding Laboratory, Ames, Iowa, for reading and criticizing certain parts 
of the work. 

I am indebted to Professor Sir Ronald A. Fisher, Cambridge, and to 
Messrs. Oliver & Boyd, Ltd., Edinburgh, for permission to reprint Table 
No. 9 from their book “Statistical Methods for Research Workers.” 


Victor Arthur Rice 
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BREEDING AND IMPROVEMENT 
OF FARM ANIMALS 



An artist, modeling in plastic clay or conjuring with marble, 
brings forth a conception that the world acclaims a triumph. 
He deals, however, with his materials direct, and they respond 
instantly to his slightest touch, as he toils toward a precon¬ 
ceived ideal. There is no resistance to his manipulations. 

What, then, should be our estimate of the work of one who 
has first to conceive the figure in his brain; whose only tools 
are the laws of heredity, selection, inbreeding, outcrossing, and 
alimentation; whose only materials are flesh and blood, unap¬ 
proachable except by indirection; who battles ever against the 
stubborn forces of atavism or reversion to ancestral forms; 
who seeks, and succeeds in producing, a creature pulsating with 
life, exquisitely fashioned, down to the minutest detail, not only 
a thing of beauty in itself—which artists try, sometimes with 
ill success, to reproduce on canvas or in bronze—but a creation 
that serves as well the highest utilitarian purpose? 

The breeder of animals (or plants) directs the spark of life 
itself. The possibilities of his art are almost infinite. 

—A. H. Sanders. 


The National Geographic Magazine 
December, 1925 



CHAPTER I 
INTRODUCTION 


Since his emergence on this^anet nutritional 

be -’so32S “Without food, nothing else matters." 
St -Hcawehave^^o^ « 

items more than we can consume, ‘ J becomes an actu- 

stantly haunted by the few o ^ )argg needsfood in incre ased 

Slntit^anTiroved quality It 

stored through photosynthesis in forms 
which man cannot utilize directly as a 
source of food energy. Man therefore 
utilizes animals to convert a wide vari¬ 
ety of materials into more palatable 
and more nutritious forms. In addi¬ 
tion to converting waste into wealth, 
an agriculture based largely on ani¬ 
mals also helps to conserve our topsoil 
and to return a large measure of nee- 
essary chemical elements to the soil. 

There are essential differences 
among animals in the over-all efficien¬ 
cy with which they convert plant tis¬ 
sues into foodstuffs or other animal 
products. Improvement of animals 
through breeding and selection has 
but one goal, to improve continually their efficiency as converters and 
the quality of their end products. Considerable progress toward this 
goal has been made since animals were first domesticated. When pres¬ 
ently known principles of breeding come into more general understanding 
and use, further improvements in livestock production and efficiency 
wiU result. Concurrent with hereditary improvement we need also to 

1 



Fio. 1. Sources of the American farm 
dollar in 1948. (Courtesy of U.b. 

Department of Agriculture.) 
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invoke proved methods of improving animal environment. Milk yield 
from all cows in the United States now averages about 6,000 lb. per year. 
While specific proof may be lacking, it seems probable that this figure 
is at least one or two thousand pounds below their average hereditary 
limit under good environmental conditions, and far below what it might 
be under the best conditions. The basic job of the animal breeder is to 
learn all he can about the probable genetic make-up of his animals from 
their own individuality, their close relatives, and especially from their 
performance records, and then, through systems of breeding and selec¬ 
tion, to mold or guide these superior hereditary determiners into more 
favorable combinations. 

Early Ideas on Life’s Origin. We have no way of knowing who the 
first man was that asked himself the question, “How, when, and why did 
life arise?” We can feel quite sure, however, that the last man to ponder 
this question will be the last man that breathes—if he is intelligent. 



Fio. 2. Neolithic man of the Campignian Stage. Mural painting by Charles R. Knight 
(Courtesy of The American Museum of Natural History.) 


Many early Hindu and Greek thinkers tried to find an answer. It is 
not surprising that, in view of the lack of knowledge of the physical and 
biological sciences, many of their “answers” seem to us naive, if not 
ludicrous. Space permits the mention of only a few of the outstanding 
names: Thales, seventh century b.c.; Anaximander, sixth century b.c.; 
Empedocles and Anaxagoras, fifth century b.c.; and Aristotle, fourth 
century b.c. Aristotle maintained that plants and many animals, e.g., 
worms, insects, crabs and other marine forms, and even man, might 
arise spontaneously; all the former from the dew, slime, manure, sweat, 
meat, decaying trees and fruit, or seaweed, or from the moist earth; 
whereas man’s first appearance was thought to have been in the form of 
a worm. This and other types of metaphysical speculation blocked 










3 


INTRODUCTION 

. w-ta - - — 

2 S . , 2" li ” 01 “ ,ur ” 

“ 1 s r™r,'j=K£f» 

could not produce maggots If A P natura l ist , revealed, 

thereon. Leeuwenhoek (16S2-1723) 1the u ^ ^ , iving 

through his invention o t e micros , spontaneous generation, 

forms, which tended to forms of organisms infesting rotting 

although he himself cons '^ SDa |i a nzani (1729-1799), the Italian 
meat, etc., to e air- ( ^ } the German anatomist, and many 
scientist, and Schwann ( 81 188U, spontaneo us generation in 

others devised expenmente tctry to d.sp P ^ genera „ y though 
materials uncontaminated by g ’ |s p asteur (1822-1895), the 

SSKTSS •• vs, .h. . biw .o thi. u. - 

inlomution .v.il.ble .<». 
various .>.»«„>. »l - 

their atoms and molecules to produce somewhat different form^ I 

s see? s=r 

for the expression of any characteristic. T ey are c 

life and heredity today, and it seems quite probable that they have 

played this role since life first appeared on our planet. 

Existing singly at first, the genes perhaps combined in various patterns 
to form chromosomes or chromosomelike units. Later, cytoplasm 
materials and a cell wall may have been added, and after a few hundred 
million years development may have reached the one-celled stage 
Growth, aggregation, variation, differentiation, and specialization of 
function proceeded, producing finally the hundreds of thousands of plants 
and animals which at present inhabit the earth. 

We cannot here trace even briefly the various steps m the evolution 
of life. Suffice it to say that it seems to have proceeded from the gene, 
to single-celled animals, to many-celled animals, involving ever greater 
complexity in structure and function. When life became possible in the 
sea and later on the earth, it radiated in all directions, continually pro- 
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ducing new forms. Animal life progressed through the invertebrates 
(creatures with no backbone), the fishes, amphibia, reptiles, birds, and 
finally came the origin and differentiation of the mammals. 

The lowest mammalian forms are those like the spiny anteater and the 
duckbill, or platypus. In these forms the egg is still, as in lower forms, 
laid outside the body, and the digestive tract and urogenital organs empty 
into a common vent, or cloaca, as in reptiles and birds. Hair has now 
replaced scales, and a diaphragm separates the abdominal from the 
thoracic cavity. The brain is not yet deeply wrinkled. The primitive 
mammary glands are scattered over the belly region of the female and 
secrete a fluid that is licked up by the young. 

The second stage in mammalian development is represented by the 
marsupials, such as the kangaroo and the opossum. The young are dis¬ 
charged from the uterus in a very immature state and are transferred to 
a pouch on the mother’s abdominal wall, where they complete their fetal 
growth. These species are viviparous, as were some reptiles and fish 
before them, and have separate openings for urogenital and alimentary 
tracts as well as a distinctly four-chambered heart. 

The highest form of life process yet produced is that of the placental 
mammals. In these the fetus is retained for a longer time in the mother’s 
womb and is nourished by means of the placenta. The brain is more 
convoluted, or creased. The mammae are well developed for suckling 
and are arranged over the belly region usually in two rows, although in 
the highest types they become restricted to the breast region. Repre¬ 
sentative mammalian forms are the ungulates, or hoofed animals, such 
as horses, cattle, sheep, and swine; the carnivores, such as cats, dogs, 
wolves, and tigers; rodents, such as rats and squirrels; anthropoids, such 
as apes, gibbons, gorillas, orangs, and chimpanzees; and, finally, man. 

As detailed by Howells in a book called “Mankind So Far,” the vari¬ 
ous attributes of man have been due to a slow accretion: from fish, a 
three-part brain, an internal skeleton, and a closed circulatory system; 
from amphibians, lungs and legs; from reptiles, some vertebrae without 
ribs which allow man “to stick his neck out,’’ a single line of replaceable 
teeth, and freedom from an aquatic environment; and from the lower 
mammals, warm blood and a placenta. Man is one of the most versatile 
mammals. Much of his adaptability is due to his greatly enlarged brain 
and to the development of consciousness of self and the ability of dis¬ 
tinguishing in a moral sense between right and wrong. 

Organic Evolution. The process sketched in the preceding section is 
generally known as organic evolution. By definition it is “the theory 
that the various types of plants and animals have arisen by descent with 
modification from other preexisting types.” Many famous persons, 
beginning with early Hindu and Greek philosophers, have been responsi- 
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bl e for man’s slowly acquired knowledge of organic evolution, but space 

lAhe fittest Coupled with his idea of change due to environmental 

M«en» ™ hS >««!» »P>« b « M * b *‘ ‘ h “* ^ 

» English physici.n ^ P«« ^ 

K randfather of Charles Darwin, is one of the most imposing fi 8 ures * 
field of human inquiry. He borrowed and enlarged on many old ideas 
concerning evolution and made distinctive new contributions. He was 
the first to stress the idea that evolution has been operatiing fr0I " ^ e 
time of the first primordial life. To him new forms were but the floor¬ 
ing of potentialities originally deposited in the life stream by the Creator 
and called into being by the necessity for adaptation to the .. J 

Iamarck (1744-1829), a French naturalist, can be rightfully called 
the father of the modern theory of evolution. He was the first to devise 
a classification scheme or phyletic tree to include all plants and animals 
and he was the first to state that all animals formed a branching series 
of related forms, shading into one another by very gradual steps H.s 
theory of evolution, propounded in 1809, had three main points: (1) that 
the environment, directly in plants but indirectly in animals through 
the medium of the nervous system, causes changes in the organism; ( 2 ) 
that the use or disuse of parts leads, respectively, to their further develop¬ 
ment or to their atrophy; and (3) that these so-called “acquired char- 
acteristics are inherited. 

Lamarck’s belief that the environment is the principal cause of change 
is similar in its general outline to Buffon’s earlier belief that something 
external to the organism brings about changes. Geoffroy St. Hilaire 
(1772-1844), a French zoologist, subscribed to Lamarck’s idea that 
environmentally induced changes are heritable, but he believed that the 
changes were produced in the embryonic or germinal condition rather 
than in the adult. He thus, in a sense, anticipated Weismann’s idea of 
germinal variation and causation as well as De Vries’ idea of evolution 
by means of large jumps or mutations. 

Darwin. Charles Darwin (1809-1882), the best-known proponent of 
the theory of evolution, was an English naturalist. Darwin was not the 
father of the idea of a gradual progressive change. He might perhaps 
more correctly be called the attending physician who brought the con¬ 
cept safely into the world; or, as Butler said, “Darwin’s chief glory is 
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not that he discovered evolution but that he made men believe in it, and 
what glory,” he added, “could be greater than this?” 

Darwin sailed on the H.M.S. Beagle as naturalist on a round-the- 
world trip lasting from 1831 to 1836. On this voyage he had the oppor¬ 
tunity of studying the rich fauna and flora of South America and several 
island archipelagoes. He was struck by the manner in which animal 
types shade into one another and by the distinctive forms found on 



Fig. 3. Charles Darwin. 


separate islands. He had begun his journey with a belief in separate 
creation, but during the course of the voyage he became convinced of 
the mutability of species. On his return to England in 1837, he began 
to organize the known facts on plant and animal variation and to try to 
discover new ones. During the next year, while reading Malthus’ 
“Essay on Population,” the idea of the struggle for existence that is 
constantly going on in nature as an explanation of the great variety of 
plant and animal species came to him, as it had previously come to 
Wells, Matthew, and perhaps many others. 

Darwin's theories involved four points: (1) that organisms vary, i.e., 
are not exactly like their parents; (2) that these variations are or may be 
hereditary, i.e., passed along to descendants; (3) that due to the dynamics 
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. onmduction in all species there is a continual struggle for existence 
° f r a ?ure and (4) that those best adapted to survive in a gwen env.ron- 
“ “*3l be the most likely to survive and should therefore leave the 
descendants. He thought that the working of the above-named 
Tur pSes luld account for the great variety of forms ofplants 
ind animals that now inhabit the earth or have inhab.ted >t m the past 
Darwin accepted evolution as a working hypothesis accepted the 
Obvious facts of variation and hereditary transmission of potentialities 
and adduced a tremendous amount of data that seemed to support his 
“esis that natural selection or, to use Spencer's term, ‘the survival of 
the fittest,” is the leading actor in this drama of survival. 

1 Evidence for Evolution. Space does not permit a lengthy discussion 
of the various lines of evidence that seem to indicate the validity of the 
eeneral theory of evolution. In outline, they are as follows. 

^ Classification, or Taxonomy. The fact that the 800,000 described 
species of animals can be arranged into 11 phyla and the 250,000 known 
species of plants into 4 phyla, the whole resembling a branching tree. 

2 Comparative Embryology. The fact that all embryos start as single- 
celled zygotes, progress along similar lines of development, and that those 
of the higher species pass hurriedly through stages which are the end 

stage of organisms lower down the evolutionary scale. 

3. Comparative Anatomy. The fact that the brain, heart and other 
organs show a progressive development from lower to higher species, 
that all mammals have the same bony framework-the bones in the 
flipper of a whale, the wing of a bird, the front leg of a horse, and the arm 
of a man being similar in general form and articulation. 

4 Vestigial Structures. The fact that man during his embryonic life 
develops a set of gill clefts and arches, a tail, and a fairly heavy covering 
of hair, all of which disappear before birth, and that adult man has ear 
and tail muscles, an appendix, and many other vestigial structures which 
are well developed and functional in lower forms. 

5. Paleontology. The fact that fossil remains of animals show a 
progressive development from lower to higher in ascending strata of the 
earth’s crust. 

6. Zoogeography. The fact that species grow increasingly divergent 
in form in widening circles from their point of origin. 

7. Blood Tests. The fact that the blood of closely related animals 
shows small incompatibilities as measured by amount of cellular agglutina¬ 
tion, whereas that of distantly related ones shows great incompatibilities. 

8. Observation and Experiment. The fact that all of our breeds of 
farm animals have been developed by a process of selection during about 
the past 200 years and that many new breeds are in the process of 
formation. 
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Domestication of Animals. The domestication of animals and plants 
provided the foundation on which civilization could be built. Without 
a productive agriculture it seems reasonable to conclude that social and 
scientific progress would have been limited, if not entirely prevented. 
Just when the domestication of animals began is not known; it certainly 
was long before there was any thought of, or means for, recording his¬ 
torical data. Domestication very likely began at the end of the Old 
Stone Age and received decided impetus during the New Stone Age. 
Each domestic animal has had a rather restricted and humble origin, yet 
through constant selection for one or another character all the multi¬ 
farious forms have evolved—some useful, some ornamental, some having 
both qualities, and some neither. 

The Dog. Dogs are represented in Egyptian monuments as far back 
as 3400 b.c., and various breeds of dogs existed during the height of the 
Roman civilization. Their skeletal remains are found as far back as the 
New Stone Age and possibly as far back as the Old Stone Age. Dogs 
have been used for draft purposes a very long time and may have origi¬ 
nally served as a source of food. There are now six distinct groups of 
dogs, namely, hound, greyhound, mastiff, spaniel, terrier, and wolflike 
breeds. Mason’s “Dogs of All Nations” lists 183 breeds of dogs from 
39 countries. The variations in the different breeds of dogs as to size, 
form, color, coat, shape of jaw, length of body, temperament, vitality, 
and educability cover a wide range. All the breeds, from the huge 
Saint Bernard to the tiny Mexican Chihuahua, are the results of nature’s 
variations plus man’s selection. In Life magazine, January 31, 1949, 
there was a very interesting story entitled “Dogs of America,” with 
many beautiful illustrations showing the probable origin of many of our 
present-day breeds. 

The Horse. The name “horse” is equivalent to the Anglo-Saxon 
hors , which means swiftness, and it is logical to suppose that this genus 
was able to survive the vicissitudes of time and enemy attack chiefly 
because of its speed. 

The only surviving genus of the family Equidae, to which the horse 
belongs, is that designated as Equus. There are at present four liv¬ 
ing types: horses, asses, half asses, and zebras. Besides the domesti¬ 
cated horses, Equus caballus , there is one wild type found in Mongolia, 
E. przhevalski. The domestic ass, E. asinus, has at least two wild 
varieties, africanus and somaliensis. In addition there are three Asiatic 
half asses, E. kiang , E. onager , and E. hemionus. Among zebras there 
are three types: E. zebra , E. burchelli , and E. grevyi; in addition there 
were several varieties of E. quagga (now extinct). All these species of 
horses, asses, and zebras are capable of producing hybrids among them¬ 
selves, but the hybrids are generally sterile. The members of the genus 



INTRODUCTION 


9 


, . ftre generally taller and swifter animals than their near relatives 

Bja ' •_ a nd rhinoceroses, their greater height being due to a lengthening 
bones and middle toe. The head and the tail are also 

r apr and the body has a much denser hairy covering. 
l0n *£"and Domestication of the Horse. The horse was probably the 
, ^ nTmal to be domesticated by man, but his immediate ancestry as 
1 as the date of his domestication is still a matter of dispute. It seems 
hfble that at least two, or perhaps three, wild types have made the. 

P Sut on to our domestic horse. One of these was probably the 
rf ie horse » now known as the fossil representative of Przhevalsk. s 
k p This was a small, sturdy, short-legged horse with a moderately 
fUT'hJvy head. Another was the so-called “desert horse standing 
L the steppe horse, about 13 hands high and corresponding closely 
t: the now-extinct tarpan, or Mongolian horse. This strain some- 
t * more slender than the steppe horse and had a shorter head. 

£ contribution was that of the “forest horse,” a type standing about 
H hands high with longer but stout limbs and having a long, narrow 
wd and long body. It seems probable that all three types made a 
contribution to our modern breeds. The horse was apparently domesti¬ 
cated separately in Asia and Europe, probaWyeadier.n Asia. A 
Turanian folk tamed the Przhevalski horse around 3000 b.c. 

The earlier record of the horse dates back to Paleolithic times, about 
95 000 years ago. Around an open camp at Solute in V ranee arc fou 
the remains of several thousand horses, indicating that horses may have 
served as a source of food. In later Paleolithic times, rock carvings o 
the horse were made, but they do not show him harnessed, ridden or 
attached to any sort of vehicle; so we assume the horse was not yet fully 

^Thetadi trace of the horse hitched to a chariot goes back to about 
2000 b c in Greece, whereas the first Egyptian records of the horse date 
from about 1600 B.C. These were small horses, about 13 hands high 
similar to Przhevalski's horse. The horse evidently grew m s.ze and 
importance in Persia and Mesopotamia during the intervening years, 
and after about 750 b.c. it began to serve as a mount. Mounted hors - 
men were first given a place in the Olympian games in 648 b.c. The 
Arabs did not use horses until after the time of Christ. 

The ancestry of the horse has been traced back about o5 million years 
by means of skeletons found in descending layers of the earth s crust. 
The forerunner of our present horse was an animal about 10 to 20 inches 
tall with four toes on the front feet and three on the back. Twenty 
million years later he stood about 25 inches tall and had three toes fore 
and back. He has since been reduced to but one toe (with two splints), 
but his size has greatly increased, and his teeth have developed into more 
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F.o. 4. Showing progre»ive changes in skull, feet, and teeth of the horse. (Prom Mnllheu,. Quarterly Reruns of Biolom. William. 
& Wilkins Company.) 
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- w tools for grinding feed. Series of skeletons showing these 
fr" are on exhibit at Amherst College in Massachusetts and at the 

— $• rs 

. the Cervidae (deer); Giraffidae (giraffes); and Bovidae, to which 

ally PCS of cattle as well as sheep, goats, and true an e.^ 
Sh sexes in these families are usually horned. The horns arc hollow and 
ifr«Tthe frontal bones. The second and fifth dig.ts are rud.mentary 
a htnT the third and fourth fully developed. The Pecora are ungu- 
Ute S s or hoofed, and belong to the group known as artiodactyU, or even- 
♦ pH* There are one or more enlargements, usually three, f 
storage along the esophagus, and the members of these families rummate, 

^The'gcnus"Bo^includes: (1) the taurine group, Boslaurus (cattle) and 
B indicus (humped cattle); (2) the bibovine group, B. gaurus (the gaur), 

R frontalis (the gayal), and B. sondaicus (the banteng) ; (3) the bisotme 
JZ B grunniens (the yak), B. bonasus (the European, bison), and 
B bison (the American bison); (4) the bubaline group, B. coffer the 
African buffalo), B. bubalis (the Indian buffalo), B. mindorensis (the 
Sora buffali, and B. depressicomis (the Celebes buffa.oh In most 
nf these species there are many varieties, both living and extinct. 

Origin and Domestication of Cattle. It seems probable that cattle were 
domesticated during the New Stone Age in both Europe and Asia 1 here 
are two types of domestic cattle now living: B. indicus, the humped 
battle of tropical countries, and B. taurus, of the more temperate zones 
Humped cattle were domesticated as early as 2100 b.c. Cattle played 
an important part in Greek mythology; they were sacred ammals m 
many older civilizations, and their slaughter was therefore forbidden. 
The great ox, or aurochs, B. primigenius, which Caesar mentioned in his 
writings, is generally considered to be one of the progenitors of our 
modern-day breeds. This was a very large animal, described by Caesar 
as “approaching the elephant in size but presenting the figure of a bull. 
The wild park cattle of Britain are considered by some authorities to be 
the direct descendants of B. primigenius. Another progenitor of our 
modern breeds is B. longifrons, a smaller type, with somewhat dished 
face This is the Celtic Shorthorn, which has been found only in a state 
of domestication. It was the only ox in the British Isles until 500, when 
the Anglo-Saxons came and brought the great ox, or aurochs, of Europe. 

It is doubtful whether any of our present-day European or American 
breeds trace back solely to either one of these ancient types. It seems 
much more probable that our present breeds are the result of various 
degrees of crossing between them. The cattle of India and Africa, 
B. indicus, are characterized by a lump of fleshy tissue over the withers 
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sometimes weighing as much as 40 or 50 lb. They also have a very large 
dewlap, and the voice is more of a grunt than a low. They are thought 
to be descended from the wild Malayan banteng. 

It seems probable that primitive man first used members of the family 
Bovidae as a source of food. Domestication perhaps began when these 
animals were used as draft animals, probably in the first steps of the 



African Cape Buffalo 
Ayrshire Bull 


FlC. 5. Some relatives in the genus If os. (Courtesy of Xcu 


York Zoological Society.) 


tillage of the soil. In their wild state there was little tendency to store 
excess fat on the body, as this would have been a hindrance rather than 
a help under the conditions then existing. Milking qualities also were 
just sufficient for the rearing of the young. As civilization developed, 
feed became more abundant, methods of caring for livestock improved, 
and the latent possibilities for rapid growth, fat storage, and milk produc¬ 
tion began to be realized under man’s selection. 

That the ox played an important part in man’s aesthetic development 
is attested by its use in architectural and interior mural decoration as 
well as by its frequent use as a subject of poetic fancy. The ox assumed 
great religious importance in many ancient civilizations; the best mem¬ 
bers of the breed were sacrificed to propitiate the gods. They were 
crowned with wreaths and honored in other ways during the pageants 
and holidays. To some extent we perpetuate this custom in our fairs 
and expositions today. The Romans’ term for money was pecunia , a 
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derived Iron. „«»», —S »««, *»> » ■““* 

P o?T= b Bovidne ere very 

do* related, .0 cicely in fa* “'.“^r^Mudi the 

£ £ £ff; Sdtiw horns generally spiral in opposite directions the 

2SSesr«-!X; ~~~ 

North America and Kamchatka, (2) the argali (0. po/t) of Central , Am, 
^rthe u^al (0 vianei) of Asia and the mouflon (0. m^mon) of Asia 
Minor and Europe, and (4) the bharal (0. nahura) of Little Tibet and 

the Barbary (0. tragelaphus) of North Africa. , • 

Onain and Domestication of Sheep. Sheep probably originated in 
EuropTand in the cooler regions of Asia in the P e.stocene or later 
Pliocene era. Remains of a sheep or goatlike animal have been fou 
at the sites of the Swiss lake dwellings of Neolithic times. Sheep ar 

Itht to have been derived Iron, ,he MMb »■»**>“ “ 
gazelles because of certain similarities of the molar teeth. It seems 
certain that our modern breeds trace back to at least two remote ances 
tors, the mouflon of Europe (0. musimon) and the Asiatic uria ' 

The sheep was originally a hairy animal with an underfur of 

No doubt people living in cold climates who used skins as clothing were 
the first to begin the selection of sheep for wool production. As in all 
our domesticated animals, there is wide variation among sheep. Some 
like the African long-legged and Abyssinian maned sheep, bear hair 
instead of wool; some have spiral horns two feet or more in length, others 
no horns at all. The tail of the common domesticated sheep is long and 
slender; in some other strains it is a fat depot about one foot in width, 
whereas still others have merely a vestige of a tail. The last sort often 
carry huge patches of fat on the rear quarters, the stored fat in all cases 
serving to tide the animal over periods of food shortage. The huma, a 
tall, long-legged sheep, is used in India as a fighting animal. 

Goats are also versatile in characteristics, yielding the underfur for 
Cashmere shawls, and mohair, milk, meat, and draft power; they also 
provide one means of clearing up brush land because of their fondness 
for all sorts of tender shoots. 
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Swine. Swine are ungulates belonging to the suborder artiodactyls 
(even-toed). They belong to the family Suidae. The Dicotylidae, or 
peccaries, and the Hippopotamidae, or hippopotamuses, are closely 
related families, these three families comprising the Suina. These 
animals have tubercles on the molar teeth, and in them there is not found 
a complete fusion of the third and fourth metapodials to form a cannon 
bone. The nose is elongated into a more or less mobile snout. 

The genus Sus includes, besides the domesticated pig, several wild 
species. Among them are Sus scrofa, the European wild boar; S. crisla- 
fus, the Indian wild boar; S. andamanensis of the Andaman Islands; 
S. salvanius from the foot of the Himalaya; S. viUalus, S. verrucosus, and 
S. barbatus of the Malayan region; S. africanus and S. procus of Africa. 
The foregoing species vary greatly in size, color, length of coat, length 
of tail, presence or absence of crest on the neck, size of tusks, number of 
mammae, etc. The Indian wild boar stands 30 to 40 inches high, 
whereas S. salvanius measures only 11 inches over the shoulder. The 
tusks of the wild boar are several inches long; those of the red river hog, 
S. africanus, only as long as those of the domestic boar; and those of 
S. salvanius are very short. The young of all the above-mentioned 
species are born with longitudinal dark stripes on the body which dis¬ 
appear as the animal matures. 

Origin and Domestication of Swine. It appears that our modern 
breeds, S. domesticus, have descended from at least two wild stocks: 
the Northern European breeds from the wild boar S. scrofa; and those 
of Southern Europe, Asia, and Africa from one of the Malayan pigs, 
possibly the collared pig S. intlatus. The former was a larger, coarser 
animal throughout than the latter and had a denser covering of hair. 

Present-day breeds are no doubt the result of varying degrees of cross¬ 
ing between the parent stocks and their offspring. It seems probable 
that the pig was domesticated later than cattle and sheep and earlier 
than the horse. Selected for his ability to fatten rapidly and economi¬ 
cally, the pig is foremost in converting feed into flesh and is second to 
none in the economy of American meat production. Most of the breeds 
of hogs found in America are of our own breeders' making; for example, 
the Duroc, the Poland China, and the Chester White breeds are strictly 
American creations. 

Ancient Animal Husbandry. The record of man’s activities goes back 
some 5,000 to 6,000 years. Paintings, carvings, and sculptures from the 
Babylonian, Assyrian, and Egyptian civilizations show that animals 
played an important part in man’s activities in ancient times. These 
peoples had herds of oxen, sheep, and goats, and used donkeys for draft 
purposes and horses when waging war. Cattle were used for draft 
purposes as well as for the production of milk and meat. Agriculture 
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stnrkbreeding were among the chief sources of wealth in Greece^ 
“ d Alexander led the Greeks to Asia Minor and Egypt, a new an 
W h agricultural economy fell under Greek domination, including large 
n . h ., 6 of as m any as 30,000 mares and large herds of camels and oxen. 
Improved methods of plant and animal production were developed 
the ascension of the Roman Empire. However, with the fall 
dun g . . n kqo there ensued a period of about a thousand years 

Twnite Darand Middle Ages, during which agriculture and 
animal husbandry survived but improvement in them was halting 

' a< Fiehteenth-century Animal Husbandry. Animal husbandry received 
a new impetus in England beginning about the year 1700. At this time 
from one third to one-half the land was still cultivated on the open-field 
vstem making it quite impossible for an individual to improve his herd 
or flock since all the cattle and sheep grazed together on the same ove £ 
crowded Commons. With the passing of the feudal system and the 
manors with their open fields, and with the change to individual owner¬ 
ship and the enclosing of fields, better methods of farming . b ^ e P< ^' 
ble The cultivation of clover and improved grasses and the develop 
ment of root crops made better wintering of livestock possible. 

How great was the change can be seenin the weights of animals at the 
famous Smithfield Market. In 1710, beeves averaged 37lib., calves 
50 lb sheep 28 lb., and lambs 18 lb.; in 1795, they averaged 800, 48, 80, 
and 50 lb., respectively. Individual initiative, encouraged by enclosures 
together with the introduction and use of turnips and clover, and the 
labors of agriculturists like Tull and Townshend, helped enormously to 
brine about these changes. 

Ewly American Agriculture. When the first permanent settlers came 
to America in the early 1600s there were no horses, cattle, sheep or 
swine here. The early settlers therefore brought animals with them 
from various parts of Europe. At that time there were no distinct 
breeds of animals as we know them today, but there were in Europe 
various local varieties. The early settlers probably had some ideas and 
ideals about improved livestock, but their opportunities for selection 
were limited, since both the colonists and the animals were involved in a 
primitive struggle for existence. In time well-adapted types of live¬ 
stock were developed in various parts of America. Selection is a never- 
ending process, and most of the early types disappeared or were merged 
with improved breeds. This period of development extended from 

1620 to 1800. . , . 

Laying the Foundation for Purebreds. The next period in American 

animal husbandry covers the years from 1800 to 1870, or up to the time 
of the establishment of the first purebred-recording associations. The 
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most noteworthy development during this time was the spreading influ¬ 
ence of the work of Robert Bakewell, an Englishman bom in 1725. In 
1760 Bakewell began his animal-breeding work at Dishley, England, 
with horses, sheep, and cattle. His success in improving his stock is said 
to have been due to three things: (1) He had definite ideals—in beef 
cattle, for example, a low-set, blocky, quick-maturing animal almost 
unknown at that time; (2) he leased rather than sold males and returned 
them to his own farm if they transmitted desirable qualities; and (3) he 
bred the best to the best regardless of relationships, which often meant 
rather close inbreeding. Inbreeding led to the development of relatively 
true breeding strains, although there were no herd books until many 
years later. Bakewell’s methods were widely copied, and thus the 
foundations of the pure breeds were laid. Large numbers of these rela¬ 
tively purebred animals of various strains were brought to America to 
be bred along pure lines and to be mated to the local strains which had 
emerged from the test of “survival of the fittest.” Thus pedigree breed¬ 
ing was initiated in Britain and brought to America. 

During this period many significant changes occurred in America and 
its agriculture. The country expanded to the west, improved transpor¬ 
tation systems were developed, cities grew (thus providing better mar¬ 
kets), and improved farm machinery provided the means for an ever- 
increasing production of both crops and animals. 

Development of Breed Associations. The formation of the various 
breed associations during the period from 1870 to 1900 was a great 
impetus to livestock improvement. Registry books were set up to keep 
the breeds pure, and a vigorous competitive spirit was developed by the 
various breed associations. As we look back we can easily see that a 
better job could have been done. More rigid selection and refusal to 
register inferior purebreds would have strengthened all breeds, and much 
of the breed promotional activity was not genetically sound. Neverthe¬ 
less, the purebred contribution to improved animal husbandry in America 
is beyond calculation. This is not to say that every breed has shown a 
steady march toward perfection. Most of the breeds have had ups and 
downs, and some breeds have met the test of time more successfully than 
have others. 

Livestock Trends in the United States. Animal breeding is one of the 
largest industries in the United States. The total national income in 
1950 was 239 billion dollars. Farm income was 28.7 billion, and of this 
income 16 billion came from livestock and livestock products. Animals 
of some sort are to be found on about 90 per cent of the farms in the 
United States. Livestock breeding involves nearly 200 million farm 
mammals and 700 million poultry. For some, animal breeding is a 
hobby, but many thousands of people depend upon it for their livelihood. 
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In terms of food, clothing, and for the maintenance of soil fertility, every 
«« United States has a stake in its success. 

PG In Table 1 will be found an enumeration of the various farm mamma s 
Sfil. 75 years. I. * =bvi»u. torn th» table that 
power has been rapidly supplanting horse and mule power since 1920. 

Table 1. Ncmbek and Avebaoe Value peb Head or the^Vab.ous Classes op Fabm 
Livestock in the United States, 1880-1 _ 

Dairy cows 



Horses on farms 

Mules on farms 

Year 

Number 


Number 

Av. value 


(000 

omitted) 

Av. value 

(000 

omitted) 

1880 

10,903 

$ 53.74 

1.878 

$ 61.74 

1890 

15,732 

69.27 

2,322 

77.61 

1900 

17,856 

43.46 

3,139 

51.46 

1910 

19,972 

107.70 

4,239 

119.98 

1920 

20,091 

96.45 

5.651 

148.29 

1930 

13,742 

69.98 

5,382 

83.93 

1940 

10,616 

77.43 

4,321 

114.53 

1950 

4,763 

43.40 

1,990 

82.00 

1955 

3.106 

53.12 

1,445 

62.28 


Number 

(000 

omitted) 


11 , 

15, 

16. 
19,450 
21,455 
23,032 
25, 



Av. value 


S 23.31 

22.30 

31.30 
35.40 
81.51 
82.70 
57.22 


TmriT* 


33.2 



Cattle other than 
milk cows 


Sheep 


Hogs including pigs 



Number 

(000 

omitted) 


31,593 

45,014 

43,195 

39,543 

48,945 

39,971 

43,435 

59,600 

7J.025 


Av. value 


S 15.75 
15.16 
24.67 
1 
3 

40.38 

30.86 

136.00 

73.58 


Number 

(000 

omitted) 


44,867 



48,473 
28,065 
79 


Av. value 


$ 2.18 
2.29 
2.97 
4.06 
10.59 
9.00 
6.33 
26.40 
14.90 


Number 

(000 

omitted) 



Av. value 


$ 4.40 
4.80 
5.36 
9.05 
20.00 
13.45 
7.79 
33.20 
30.61 



Whether machines will entirely supplant horses and mules as power 
units the future will tell. Only from one-fourth to one-half as many 
work horses and mules are being produced as would be needed to main¬ 
tain their numbers. On the other hand, there seems to be a growing 
interest in the horse for pleasure purposes. Dairy-cattle numbers have 
shown an almost steady increase during the last 75 years. Meat animals 
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have increased in numbers, and they now mature more rapidly than 
formerly, the quicker turnover actually meaning more product from a 
given number of animals. Many factors, of course, influence the num¬ 
bers of animals kept on farms from year to year. The magnitude of the 
total value of American livestock and the meagerness of the average value 
stand in marked contrast to each other. Both these points indicate 
opportunity for the livestock breeder. 

Table 2 shows the trend in total numbers and total value of farm live¬ 
stock in the United States by decades for the past 75 years and also the 
trend in human population. It shows that the breeding of livestock is 
one of the most important types of endeavor in this country. 


Table 2. Total Numbers and Value of Farm Mammals and Human Population, 

United States, 1880-1955* 


Year 

No. of all farm 
livestock 

Value of all farm 
livestock 

Human population 
United Statesf 

1880 

120.990.000 

$ 1,576,636,520 

50,156,000 

1890 

165.286.000 

2.418.774.100 

62,948,000 

1900 

170,315,000 

2,581,751,910 

75,994,000 

1910 

178,355,000 

4,649,803,510 

91,972,000 

1920 

196,875,000 

7,383,500,260 

105,711,000 

1930 

185,464,000 


122,775,000 

1940 

196,491,000 


131,669,000 

1950 

184,025,000 

16,712,631,000 

150,697,000 

1955 

181,965,000 


165,271,000 


• Hones, mules, cattle, sheep, swine, 
t To even thousands. 


Present Status and Problems. Many animals are inefficient and 
unprofitable producers because they are poorly fed and poorly cared for. 
An optimum environment involves also the control or elimination of the 
various livestock pests and diseases which take an annual toll of millions 
of dollars in terms of lowered individual and breeding efficiency. The 
problem facing animal producers consists in feeding and managing more 
efficiently what we have as well as raising the level of potential perform¬ 
ance through selective breeding. 

The genetic task in the field of animal breeding is twofold: (1) to find 
out through performance records what we have genetically (analysis) and 
(2) to raise the potential of productive efficiency by making better com¬ 
binations of genetic materials through systems of breeding and selection 
(synthesis). 

Breeding Opportunities. Although it cannot be denied that many 
excellent specimens of the various classes and breeds of livestock have 
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hpen produced and that in practically all breeds the prices paid for indi¬ 
viduals have risen well into the thousands of dollars, the fact rema 
2 opportunity is still written large before animal breeders. Record 
after record has been established only to be replaced by a better 

^For example, the record in milk production during one year js 4 2 8°5 l^ 
(Green Meadow Lily Pabst. H.F.); in butterfat, 1,614 lb. (Melba 1 5th 
of Darbalara, Milking Shorthorn). In speed at trot for one mile, the 
record is 1 minute 55% seconds (Greyhound), and at pace, 1 minute 
55 seconds (Billy Direct). The record in litter production stands at 
5,117 lb., the combined weight attained by an Illinois litter of 17 pigs in 

'^outstanding Rambouillet sire, Prince of Parowan, owned by the 
U.S. Department of Agriculture, produced seven annual fleeces of woo 
that averaged 31.5 lb. per fleece, unscoured, an outstanding record ot 
long-time wool production. This wool yielded about 40 per cent clean 
wool, or 12.6 lb. of actual wool, per fleece. A large percentage of several 
hundred of the best Rambouillet sheep in the flocks of the Western Sheep 
Breeding Laboratory, Dubois, Idaho, are descendants of this ram. 

The ability of the goat to produce milk is evidenced by the fact that 
the highest official test on record in the United States was made by a 
French Alpine doe, Little Hill Pierrette’s Lady Penelope, which produced 
4,632.3 lb. of milk in 10 months, an average for the period of 7.2 qt. a day, 
a figure not far below the average production of all dairy cows in America. 

An idea of the opportunity for improvement within a particular breed 
of beef cattle by breeding and selection may be gained from some of the 
U.S. Department of Agriculture record-of-performance data with steers, 
which show a range in efficiency all the way from 12.01 to 24.47 lb. of 
live weight gained for each 100 lb. of total digestible nutrients consumed. 
The number of days from birth to 900-lb. live weight varied from 412 


to 591. 

With dual-purpose cattle the breeder is confronted simultaneously 
with the two variables, milk production and beef production. The vari¬ 
ation in efficiency with which beef is produced by the dual-purpose animal 
is similar to that in the beef breeds. In the Department of Agriculture’s 
work with Milking Shorthorns, the variation in efficiency covers a range 
of from 11.49 to 21.38, and the number of days from birth to 900-lb. live 
weight extends from 358 to 532. Milk production varied from less than 
5,000 to as high as 12,000 lb. 

The data in Tables 1 and 2 show that the number of dairy cattle, beef 
cattle, sheep, and swine compared with human population has steadily 
declined, starting at a high of 2.64 of these animals to each person in the 
United States in 1880 and decreasing in 10-year intervals to 2.40 in 
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Fio. 6. Taxonomic arrangement of the larger farm animals. 
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1890, 2.05 in 1900, 1.67 in 1910, 1.59 in 1920, 1.34 in 1930, 1.33 in 1940, 
and 1.13 in 1950. Increasing production in dairy cattle, faster maturity, 
and meatier carcasses in the meat classes have, of course, tended to 
offset the decreases in numbers. 

The U.S. Department of Agriculture has reduced all food-producing 
livestock (meat animals, dairy cows, and poultry) to a hog-equivalent 
basis. It reports that in 1920 we fed 1.67 head of producing livestock 
per capita; in 1930 the figure had fallen to 1.55; in 1940 it stood at 1.53; 
and in 1948-1949 it was 1.41. There are two possible ways of storing 
grain, in dead storage and in livestock. When stored in the latter way, 
we have an emergency food supply, we have a chance to increase our 
soil fertility, and we have a better-nourished populace consuming more 
milk, meat, and eggs. 

H. E. Babcock estimated in 1948 that for the proper nourishment of 
150 million people, we would need an additional 10 million dairy cows, 
11 million beef animals, 8 million sheep, 20 million hogs, and 120 million 
poultry. But our population has risen to over 169 million in 1956 and 
continues upward. Animal husbandry, along with all the other phases 
of daily living, faces an already tremendous and constantly growing 
challenge. 

(The authors have not provided summaries at the close of each chapter. 
They feel it would be much more valuable for each reader to set down his 
own summary if he so desires.) 


References 

Allen, R. L. 1847. “Domestic Animals,” Orange Judd Publishing Co., Inc., New 
York. 

Boissonnade, P. 1927. “Life and Work in Medieval Europe,” Alfred A. Knopf, 
Inc., New York. 

Breasted, J. H. 1935. “Ancient Times,” Ginn & Company, Boston. 

Darwin, C. 1859. “The Origin of Species,” A. L. Burt Company, New York. 

Davenport, E. 1910. “Domesticated Animals and Plants,” Ginn & Company, 
Boston. 

Ernle, Lord. 1927. “English Farming Past and Present,” Longmans, Green & 
Co., Inc., New York. 

Furnas, C. C., and Furnas, S. M. 1943. “The Story of Man and His Food,” The 
New Home Library, New York. 

Gras, N. S. B. 1925. “History of Agriculture,” Appleton-Ccntury-Crofts, Ine., 
New York. 

Irvine, William. 1955. “Apes, Angels and Victorians,” McGraw-Hill Book Co., 
New York. 

Loomis, F. B. 1926. “The Evolution of the Horse,” Marshall Jones Co., Boston. 

Lydekker, R. 1912. “The Horse and Its Relatives,” George Allen & Unwin, Ltd., 
London. 

-. 1912. “The Sheep and Its Cousins,” E. P. Dutton & Co., Inc., New York. 



INTRODUCTION 


23 


— X X WSSK S»**»SSU - 

York. .• & nimfils ’* Charles Scribner’s Sons, New 

Shalbr, N. S. 1895. “Domesticated Animals, onaries 

York. x* Fvnlution ’’ Yale University Press, New 

Simpson, G. G. 1949. “The Meaning of Evolution, 


Haven. 

Thompson, W. S. 
Wendt, H. 1956. 


1944. “Plenty of People,” Jacques 
“In Search of Adam,*’ Houghton 


Cat tell Press, Lancaster, Pa. 
Mifflin Co., Boston. 



SECTION I 

Physiology of Reproduction 


CHAPTER II 

THE ANATOMY AND PHYSIOLOGY OF THE MALE 
REPRODUCTIVE SYSTEM 


All living protoplasm has certain basic properties which distinguish 
it from nonliving material. Without overlooking the importance of such 
properties as the ability of protoplasm to respond to environmental 
stimuli, or the power of motility, biologists generally agree that the most 
basic of all protoplasmic functions is the property of reproduction. The 
reproductive processes of the higher vertebrates, particularly the farm 
animals and poultry, will be discussed in the following chapters. In 
order to explain the reproductive mechanisms as adequately as possible, 
occasional reference will be made to some simpler forms of life: the 
viruses, bacteria, and invertebrates. 

The Generalized Cell. All organisms, plant or animal, are composed 
of cells. Organisms range from the single-celled viruses and bacteria to 
the elephant and the whale, which contain uncounted billions of highly 
specialized cells. The cell was first described by Hooke in 1665. Hooke 
observed that cork was made up of visible units (cells), but he did not 
realize that he had discovered the basic unit of protoplasm. It remained 
for the German scientists Schleiden and Schwann (1839) to propose the 
cell theory. In its simplest form, the cell theory holds that all life, plant 
and animal, is made up of units called cells. In the single-celled amoebae 
the protoplasmic material is very generalized, but in the higher verte¬ 
brates the organism is made up of specialized cells, tissues, and organ 
systems. 

The generalized cell shown in Fig. 7 is composed of 'protoplasm. The 
protoplasm is held in bounds by a cell wall. The more easily recognized 
parts of the cell are the nucleus, its enclosed nucleolus, and the cytoplasm. 

Classification of Cells. The body cells are of two general types, the 
somatoplasm and the germ plasm. The germinal cells have the function 
of initiating the reproductive process. In higher vertebrates the germi¬ 
nal epithelial cells are confined to the testes or ovaries and give rise to the 
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spermatozoa or ova. With the exception of the germinal epithelium, the 
organism is composed of somatic cells. These are the numerous spe¬ 
cialized cells which make up the various organ systems. ^ l here are 
certain basic tissues, such as bone, muscle, nerve, fat, blood, and con¬ 
nective tissue; and highly specialized cells, such as the alveolar epithe- 
Hum of the lungs or mammary gland, the adrenal cortex, the thyroi 
epithelium, and many others. 



Fio. 7. Diagram of a typical cell, with structures commonly present, at, attraction sphoro; 
ch, chromatin network; ci. cell inclusions: cm. cell membrano; cn, centrosomo; cy, cyto¬ 
plasm: /, linin thread; n, nucleus; nl, nucleolus; nm. nuclear membrane; ns. nuclear sap; 
p, plastids; pdiv, plastid dividing; r. vacuole. (From Shull, Principles of Animal Biology.) 

Chromosomes and Genes. Within the nucleus of properly prepared 
somatic or germinal cells there can be observed considerable darkly 
stained material. This material, because of its affinity for certain dyes, 
is called chromatin. The chromatin may be present in many forms, 
depending on the stage of cell activity. It may be composed of scattered 
particles, complexly interwoven threads, or distinct rodlike bodies called 
chromosomes. The chromosomes occur in pairs and are made up of a 
very large number of smaller units called genes. Each species has a 
characteristic number of chromosome pairs. For some species the exact 
number of chromosome pairs is known; in man there are 24, in cattle 30, 
in sheep 27, in swine 19, and in the horse 30. 

Much less is known about the numbers and composition of genes. 
Genes occur in pairs except in the gametes. Since one of the charac¬ 
teristics of germ-cell formation is a reduction of chromosome numbers 
to one-half the somatic number, each gamete contains one of each pair 
of genes. The genes are arranged in rather definite places, loci , in partic- 
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ular chromosomes. This will be discussed in detail in later chapters. 
At this point it is sufficient to recognize that the genes are made up of 
complex nuclear proteins, that they are the indivisible units of inherit¬ 
ance, that they duplicate themselves exactly during cell division, and 
that they function in the organism in bringing about specific biochemical 
reactions. 

Somatic Mitosis. Somatic mitosis , or cell division, is the process 
whereby one cell, through growth and subsequent division into approxi¬ 
mately equal halves, produces two cells. Somatic mitosis is a continuous 
process, starting with one cell in the resting state and ending with two 
cells in the resting state. For clarity the process is often divided into 
four phases: prophase, metaphase, anaphase, and telophase. 

In a typical cell in the resting state the chromatin of the nucleus is 
strung out into long threads presenting the appearance of a tangled 
skein. In the prophase a shortening and thickening of the chromatin 
and its division into the number of chromosomes characteristic of the 
species, together with the arrangement of the chromosomes in an equa¬ 
torial plane, take place. The nuclear wall also disappears during this 
preparatory stage. By this time the centrosome, which lies just outside 
the nucleus, has divided and one-half of it has proceeded to each pole 
of the cell with the accompanying arrangement of asters attached to the 
chromosomes. In the mctaphase the chromosomes split lengthwise (or 
reproduce themselves) into two equal parts, and these parts start to 
move to the opposite poles of the cell. In the anaphase the two groups 
of chromosomes complete their migration, one group to each pole of the 
cell. In the telophase the cell wall constricts, forming two new daughter 
cells, each with cytoplasm, a centrosome, and a nucleus with its chroma¬ 
tin, in place of the one original parent cell. 

Types of Reproduction. All living protoplasm must be capable of 
reproducing itself if it is to be perpetuated. This basic biological prin¬ 
ciple is as old as life itself. Those concerned with the breeding of domes¬ 
tic animals tend to conclude that sexual reproduction is the most com¬ 
mon form of reproduction. This is not true. Many of the lower forms 
of plant and animal life reproduce asexually. Sexual reproduction , which 
is based upon the existence of two sexes, appears to have evolved with 
the higher organisms and is subject to many modifications. In asexual 
reproduction new individuals may be formed by budding, fission, or spore 
formation. In the higher forms the sexes are rather well defined, but 
among the lower forms, such as the common earthworm, hermaphroditism 
is the rule. The true hermaphrodite possesses both ovaries and testes 
and produces both sperm and ova. In some of the higher forms young 
may develop from the unfertilized eggs of the female. This is called 
parthenogenesis. We now know that the ova of several species, such as 
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Fio. 8. Diagram of mitosis in a four-chromosome species: 1-5. prophase; 6-8. mctaphase: 
9. anaphase; 10. telophase. 

the chicken, rat, and rabbit, may undergo cleavage and limited embryonic 
development in the absence of fertilization. This does not imply that 
parthenogenesis is common in higher vertebrates, but it emphasizes the 
fact that intricate balances exist in the reproductive cells and that we 
have not yet completely explained the reproductive process. 

Origin of the Germ Layers. Throughout the ages the origin of life 
has been both a philosophical and a biological topic. It was believed 
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for centuries that life could arise spontaneously from nonliving material. 
Following the development of the microscope by Leeuwenhoek in 1677 
the theory of prejormation flourished in varying forms. This theory held 
that the complete body in miniature was present in either the ovum or 
the sperm and that development was essentially a growth process. 
Wolff (1759) was one of the early proponents of the theory of epigenesis, 
the differentiation of tissues and organs from unspecialized cells. It 
remained for Von Baer (1827) to recognize the existence of the mam¬ 
malian ovum and to demonstrate the presence of the three germ layers 
in the embryo. These germ layers are the ectoderm, mesoderm, and 
entoderm. From the ectoderm are derived the skin, the nervous system 
and sense organs, and such glandular structures as the mammary glands 
and the pituitary body. The mesoderm is concerned with the muscular, 
skeletal, and connective tissues, the circulatory system, blood, kidneys, 
the gonads, and the greater portion of the reproductive organs. The 
entoderm contributes to the digestive and respiratory systems, the 
pharynx, bladder, urethra, and, in the male, the prostate and Cowper’s 
glands. 

Anatomy of the Testis. The testes are the primary reproductive organs 
of the male. In all mammals except the whale, elephant, rhinoceros, 
and seal the testes are suspended outside the body cavity in the scrotum. 
In birds and in the four mammalian species mentioned the testes are 
maintained in the abdominal cavity adjacent to the kidneys. In some 
mammals, especially seasonal-breeding rodents, the testes can pass freely 
from the scrotum to the abdominal cavity and may ascend to the abdo¬ 
men in the nonbreeding season. In man and in the farm mammals the 
inguinal canal which connects the abdominal cavity and the scrotum 
constricts after birth and prevents both the ascent of the testes into the 
abdomen and the descent of the abdominal viscera into the scrotum. 
The failure of the inguinal canal to close may result in scrotal hernia. 
This is a serious heritable abnormality in farm animals. 

The testis is covered by a dense connective-tissue capsule, the tunica 
albuginea, from which connective-tissue extensions, the septa, radiate to 
divide the testis into lobules. Within each lobule are long, coiled ducts 
called the seminiferous tubules. The seminiferous tubules converge at 
the apexes of the lobules, where they straighten to form the tubuli recti. 
The tubuli recti enter the rete testis, a series of irregular anastomosing 
ducts. Connecting the rete testis and the head of the epididymis there 
is a series of ducts (about 20 in man) called the vasa ejferentia. Between 
the seminiferous tubules there are connective tissue, blood vessels, and 
nerves, and the interstitial , or Leydig, cells which secrete the male hormone 
testosterone. 
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testicle 


i 4 .up The embryo passes through a sexualh 

indifferent 2ge dSing which it has certain characteristics of each ««. 
The sexually indifferent gonads develop from the genital ridge on 
dorsal wall of the abdomen adjacent to the kidneys. From t e Kermi 
epithelium of the gonad are produced the primary sex cords winch w.U 


Fio. 9. Generative and urinary organs of bull. 1. scrotum: 2. spermatic* cord: .* _ 

4. epididymis (globus major and minor); 5. vas deferens: 0. vesicula scm.nahs; .. mem¬ 
branous portion of urethral canal covered by Wilson's muscle; 8. part of prostate gland 
covered by Wilson’s muscle; 9. Cowper's gland; 10. accelerator urinae muscle: II. penis; 
12, cut suspensory ligaments of penis: 13. sheath, laid open; 17. ureters, t rrom l . 
Department of Agriculture. Diseases of Cattle.) 


later participate in the differentiation of the testis and the ovary. In 
the genetic male the primary sex cords radiate into the gonad and form 
the seminiferous tubules of the testis. These tubules are extended to 
form the rete testis, which is later joined with derivatives of the Wolffian 
duct system to form the vasa efferentia, epididymis, and other portions 
of the male genitalia. More will be said about sexual differentiation in 
a later chapter. 
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Spermatogenic Function of the Testis. The testis has two distinct 
functions, the production of spermatozoa (gametogenesis) and the secre¬ 
tion of the male sex hormone testosterone. From an evolutionary 
standpoint the production of sperm is probably the older function. The 
sperm are produced in the seminiferous tubules by a series of cell divisions, 
including a reduction of chromosome numbers, and cellular modifications 
which result in the development of highly motile cells. At birth the 



Fio. 10. Semischematic figure showing small segment of the wall of an active sominiferous 
tubule. The sequence of events in the production of spermia is indicated by tho numbers. 
A spermatogonium (1) goes into mitosis (2) producing two daughter cells (2a and 26). One 
daughter cell (2a) may remain peripherally located as a new spermatogonium eventually 
coming to occupy such a position as la. The other daughter cell (26) may grow into a 
primary spermatocyte (3) being crowded meanwhile nearer the lumen of the tubule. 
When fully grown the primary spermatocyte will go into mitosis again (4) and produce two 
secondary spermatocytes (5.5). Each secondary spermatocyte at once divides again (6,6) 
producing spermatids (7). The spermatids become embedded in the tip of a Sertoli cell 
(7a). there undergoing their metamorphosis and becoming spermia (8). which when mature 
are detached into the lumen of the seminiferous tubule. ( From Palien, Embryology of the 
Pig. 2 d ed.. The Blakiston Division. McGraip-HUl Co.. Inc.) 

seminiferous tubules contain a basal layer of germinal epithelial cells 
called the spermatogonia. These cells contain the species number of 
chromosomes, as do somatic cells, and are typical cells with respect to 
the appearance of the cytoplasm and nucleus. During the period of 
sexual maturity, puberty, the spermatogonia divide by ordinary mitosis 
to form primary spermatocytes. The spermatogonium, being the basal 
type, also maintains itself. It is possible for a spermatogonium to 
divide, forming two primary spermatocytes , but it is essential that some 
spermatogonia remain to perpetuate the process of spermatogenesis. In 
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Primary spermatocyte 
secreted by wall of tubule 

Reduction division 
including synapsis 

Secondary spermatocytes 
with one-half the normal 
number of chromosomes 

Spermatids 

- 4 - Spermatozoa ready to 
travel out from the testicles 
to fertilize an ovum 

Fio. 12. Schematic seminiferous tubule showing spermatogenesis. 


order that each sex may contribute half the chromosomes and that the 
chromosome number of the species remain constant, a reduction of 
chromosome number takes place in the formation of both sperm and 
ova. This type of cell division is called mciosis. Each primary sperma¬ 
tocyte divides to form two secondary spermatocytes, each of which con¬ 
tains only half the number of chromosomes of the primary spermatocyte. 
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The normal chromosome number when two members of each pair are 
present is called the diploid number or 2N. The reduced number brought 
about in the secondary spermatocytes through meiosis consists of one 
member of each pair and is called the haploid number or N. 

Following the production of two secondary spermatocytes from each 
primary spermatocyte, each spermatocyte divides to form two sperma¬ 
tids. Each spermatid has the haploid number of chromosomes. No 
further cell divisions occur, but each spermatid undergoes a marked 
change in shape as it develops into a spermatozoon. The nuclear material 



Fig. 13. 1. Immature fowl testis, composed primarily of spermatogonia. 2. Mature fowl 
testis showing abundant germinal cells of all types, including sperm. 


becomes condensed, the chromosomes become indistinguishable, and the 
cytoplasm appears to shrink and is no longer recognizable. The nucleus 
forms the sperm head, and a flagellum, composed of a thickened middle 
piece and a tail, is developed. Each primary spermatocyte thus gives 
rise to four spermatozoa. Since there are millions of primary spermato¬ 
cytes in the mature testis, it is not surprising that a single ejaculate may 
contain billions of sperm. 

The process of oogenesis follows the same pattern as outlined for the 
male with respect to meiosis, but one of the greatest differences between 
the sexes is that ova are produced in very small numbers. The average 
cow produces one ovum at each heat period, and if pregnancy occurs at 
regular intervals, a cow would produce fewer than 100 ova in a lifetime. 

The seminiferous tubules contain one additional type of cell, the 
Sertoli , or nurse, cell. The spermatids become attached to the Sertoli 
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cells and presumably are nourished by them during: the * 
snermatogenesis. When the spermatozoa are completely formed, t y 
are detached from the Sertoli cells and pass through 
seminiferous tubule into the rete testis and eventually to the epididym . 

Endocrine Function of the Testis. Scattered between th y emm ' fer °“ S 
tubules are the highly specialized interstitial cells, or cells oj Leydig 
These cells secrete the male sex hormone. There are several subs ances 
in nature which have male-hormone activity, and in the ■aboratory 
several specific chemical compounds have been synthesized which have 
varying degrees of male-hormone activity. Substances which produce 
the effects of the male hormone are called androgens or androgenic hor¬ 
mones. The specific androgenic compound produced by the interstitial 

cells of the testis is called testosterone. 

Although the testicular hormone was not identified chemically until 
about 1935, Berthold had fairly well demonstrated, as early as 1848, 
that the testis produced a substance related to the development of the 
secondary sexual characters. The practice of castration shows that man 
had associated the testes with sexual activity and meat qualities ot 
animals centuries before this. 


O 



OH 



Fio. 14. Structural formulas of two of the most common male hormones. 


Since we shall refer to several other hormones and hormonelike sub¬ 
stances, a few definitions are in order. A hormone is a specific chemical 
substance produced by specific living cells in definite areas of the body. 
Hormones are usually liberated into the blood stream and transported 
to other parts of the body where they exert their effects. Since the cells 
which produce hormones have no specialized ducts which carry the hor¬ 
monal secretions, they are often called ductless glands. In the case of the 
testis, testosterone, the male sex hormone, is produced by the interstitial 
cells, liberated into the blood stream, and transported throughout the 
body, producing a variety of effects. True hormones must be produced 
by nature. In the laboratory it is possible to synthesize a great many 
of the natural hormones, such as testosterone. Numerous compounds 
which produce all or some of the effects of natural hormones are known, 
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and new ones are being developed. These compounds should be called 
horrrumelike substances if they do not occur in nature. 

The androgens have many functions and produce somewhat diverse 
effects in the normal male. The testicular hormone assists in the develop¬ 
ment and maintenance of the entire male reproductive system. At 
puberty increasing amounts of testosterone bring about growth of the 
penis, scrotum, the seminal vesicles, Cowper’s and prostate glands, and 
assist in the final stages of seminiferous-tubule development. Sexual 
drive and secondary sexual characteristics, such as the growth of facial 
hair and the change of voice in man, the tusks of the boar, and the comb 
and spurs of the rooster, are the result of increased levels of male-hormone 
production. In farm animals the factors responsible for masculinity, 
such as the well-developed crest of the bull and stallion and the general 
massiveness of the head and shoulders can all be modified by androgen- 
secretion rate. 

Androgens are of considerable importance in general body growth. 
It is well known that these substances increase nitrogen retention, 
facilitate muscular and skeletal growth, and usually reduce fat deposi¬ 
tion. When administered to growing and fattening lambs and cattle 
they tend to increase growth rate and improve feed efficiency. In swine, 
at certain levels, androgens appear to increase muscular development 
and to reduce fat deposition. Considerable experimental work is under 
way at various experiment stations on the applications of endocrinology 
to meat-animal production. 

The androgens produce many other effects. They tend to increase 
metabolic rate, increase red blood cell formation in castrate males, 
influence pigmentation patterns in feathers and skin, and inhibit the 
production of gonadotropic hormone if administered at high levels. In 
medicine, androgen therapy has been used for such unrelated disorders 
as heart disease, mammary cancer, and psychological disturbances of 
the menopause. 

Castration. The removal of the testes is one of the oldest surgical 
procedures. In ancient times prisoners of war, slaves, and men of some 
religious orders were castrated. The advantages of castration to increase 
the docility of domestic animals were known to primitive man. The 
effects of castration depend somewhat on the age at which the operation 
is performed. Prepubertal castration of the farm animals produces (1) 
permanent sterility, (2) failure of normal development of the genital 
organs, (3) increased skeletal development due to prolonged growth of 
the long bones, (4) absence or retardation of sex drive, (5) absence or 
retardation of the secondary sexual characteristics, (6) improved carcass 
quality because of increased fat deposition and retardation of such char¬ 
acters as heavy shoulders and neck, and (7) varying psychic changes, 
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called the Burdizzo forceps. These forceps are double-hinged pincers 

~-*c-«rs.“ -sr 

spermatic cord at a time is located in the scrotum and P>aced beUveen 
the forceps without cutting the scrotum. When pressure is appledthe 
spermatic cord and vas deferens are severed by crushing. P™P«|y 
used, this method is very effective. The testicle immediately begins to 
atrophy because its blood supply has been cut off, and all the effects of 

castration are produced. . , ^ 

A method called elastralion was introduced to the United States from 

Australia in 1947. Castration is accomplished by placing a special heavy 
elastic band around the scrotum of lambs and bulls at a few days of age. 
The pressure cuts off the blood supply to the testes and scrotal tip, and 

both atrophy. ...... • 

The castration of lambs and pigs by conventional methods is a simple 
procedure and should be carried out by stockmen at the proper time 
Castration of older calves is more difficult and requires skill in animal 
restraint. The castration of colts should be performed by a veterinarian 
unless the owner has thoroughly learned the art. 

The cardinal features in performing castration are (1) sanitation, that 
is, clean hands, clean instruments, and clean premises; (2) incisions which 
are large enough and are located so as to ensure complete drainage of the 
wound; (3) complete removal of both testes; (4) prevention of excessive 
loss of blood; (5) proper restraint of the animal; and (6) prevention of 
undue excitement of the animal. 

Lambs are easily castrated by cutting off the tip of the scrotum with a 
knife or large pair of shears. When pressure is applied to the scrotum 
the testes are easily grasped. In young lambs they are best removed by 
pulling with gentle pressure until the spermatic cord breaks. Pigs are 
usually held on their backs by an attendant. Two incisions the length 
of the scrotum about 1/2 inch from the median lines are made, and the 
testes are squeezed out and removed by pulling until the cord breaks. 



36 BREEDING AND IMPROVEMENT OF FARM ANIMALS 

Cutting the spermatic cord with a sharp knife will cause excessive bleed¬ 
ing. In young animals it is best severed by traction. In older animals 
it should be crushed with an emasculatome. 

If recently castrated animals are confined to dirty premises infection, 
sometimes tetanus, may occur. In warm weather a fly repellent should 
be used. 

Lambs and pigs are usually castrated at 2 to 4 weeks of age, calves at 
6 to 12 weeks, and colts at about one year of age. 

Hormonal Regulation of the Testis. The primary regulating agents 
of the testis are the gonadotropic hormones produced by the anterior 
pituitary gland. If these hormones fail to be produced in sufficient 
amounts in the young animal, sexual maturity does not occur. Failure 
of gonadotropic-hormone production in the mature animal is followed by 
both spermatogenic and endocrine dysfunction of the testis. There are 
two gonadotropic hormones, the follicle-stimulating hormone (FSH) and 
the luteinizing hormone (LH). These gonadotropins also regulate ovarian 
function; their names are actually descriptive of the effects in the female. 
Some workers refer to the luteinizing hormone as the interstilial-cell- 
stimulating hormone (ICSH). Both hormones are proteins and have 
been isolated from the anterior pituitary in relatively pure form. Both 
FSH and LH produce enlargement of the testis when injected, but each 
acts in a different manner. 

FSH is concerned primarily with the development of the seminiferous 
tubules and the production of sperm. ICSH (LH) is primarily responsi¬ 
ble for the development of the interstitial cells, which in turn secrete the 
male sex hormone testosterone. However, relatively pure preparations 
of FSH are not as effective in tubule development as FSH plus traces of 
ICSH or androgens. In experiments with laboratory animals from which 
the anterior pituitary gland has been removed, ICSH or androgens are 
capable of maintaining or repairing the seminiferous tubules in a reason¬ 
ably functional state. The best .evidence is, therefore, that complete 
seminiferous-tubule development requires FSH, ICSH, and testosterone. 

Age and Testis Function. There are wide species, breed, strain, and 
individual differences in the age at which spermatozoa are formed and 
in the rate at which they are produced. Puberty is the period during 
which sexual maturity occurs, and the level of fertility may improve as 
the rate of sperm production increases. In experimental studies on 
testis development the presence of sperm in the seminiferous tubules is 
regarded as evidence of complete spermatogenesis. The presence of 
some sperm in the testis, however, does not indicate that the male is 
ready for service. Animals with a long life span usually reach puberty 
at a relatively advanced age. In man sperm are first present at from 
14 to 17 years. The chicken, which has been selected for high fertility 
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for a long period of time and is fed and managed in a highly 
mlnner may produce sperm as early as 10 weeks of age, but m 1937 
chicken’sperm were seldom produced before 16 weeks of age Conslder ' 
able improvement in the growth rate of swine has occurred during the 
past quarter-century. Studies by the authors in 1935 showed that some 
boars produced sperm at about 5 months of age. More recent obsen a- 
tions indicate that in some boars sperm are present at about 4 months 
of age. Bulls, depending on breed and growth rate, usually produce 
sperm when 7 to 9 months of age, and the stallion at about one year of age. 

Livestock management practices have considerable influence on when 
males can first be successfully used for breeding purposes. Recom¬ 
mended practices are usually on the conservative Sl dc, and earlier use 
could be made if mating was closely regulated. Under farm conditions 
roosters are ordinarily first used at about 6 months of age, boars at 8 to 
9 months, bulls at 14 months, and rams during their second fall, when 
they are 14 to 18 months of age. As will be described later, ram lambs 
can be used when 6 to 8 months of age for limited service. 

Seasonal Testis Function. Under natural conditions animals tend 
to produce their young at the season of the year that is most favorable 
for survival. In the Northern Hemisphere animals with a short gesta¬ 
tion or incubation period mate and produce their young in the spring. 
Most wild birds produce sperm or ova only in the spring. The chicken, 
which has been intensely selected for high fertility, does produce sperm 
throughout the year, but semen quality, the ability of sperm to produce 
maximum fertility, usually declines during prolonged hot weather. The 
domestic turkey and goose have restricted breeding seasons. 

The ram produces sperm throughout the year, but it- is, in practice, 
a seasonal breeder because most female sheep exhibit breeding cycles 
only in the late summer and fall. However, it has been demonstrated 
that semen quality shows marked seasonal differences. In most breeds 
of sheep sperm numbers and fertilizing capacity decline during hot 
weather and are maximum in the fall. Exposure of rams to high tem¬ 
peratures or insulation of the scrotum will reduce semen quality. It has 
also been shown that the maintenance of rams in a cool environment 
during the summer will improve fertility. 

The effects of climatic environment on fertility in bulls vary at differ¬ 
ent latitudes. In southern or semitropical areas fertility may be reduced 
during hot weather, but it is well demonstrated that cattle will reproduce 
throughout the year in both cold and hot environments. In northern 
climates cattle fertility may be reduced in the winter and is at its maxi¬ 
mum in the spring and summer. 

Prior to 1920 most swine were bred in the fall and farrowed in the 
spring. During the past 35 years the trend among specialized 


swine 
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producers has been to produce both fall and spring litters. In more 
recent years numerous modifications of continuous farrowing systems 
have been gaining in popularity. It is evident that boars and sows will 
reproduce throughout the year, but data are lacking as to the quantita¬ 
tive effects of climatic environment on conception rate, litter size, and 
viability of pigs. 

Mechanisms Affecting Seasonal Spermatogenesis. The most obvious 
differences between the seasons are in temperature, quantity and quality 
of light, humidity, and precipitation. Plants are especially responsive 
to variations in these factors, and the horticulturist modifies them to 
produce flowers and fruits more or less at will. 

Animals are not as responsive to light as plants, but the ancient 
Chinese are reported to have caused canaries to sing in the winter by 
placing lighted candles in front of their cages. Rowan’s work with the 
junco in 1929 showed that sperm production could be induced by increas¬ 
ing day length even though the animals were at the same time subjected 
to subzero temperatures. Poultrymen have long made use of artificial 
light to alter patterns of egg production. By the use of supplementary 
light in the fall and winter months egg production can be increased to 
take advantage of higher egg prices during these seasons. Total annual 
egg production in the chicken is not significantly increased by fall light¬ 
ing, but the rate of lay is redistributed. In turkeys the use of supplemen¬ 
tary light has been shown to increase egg production in females and 
sperm production in males by hastening the onset of the breeding season. 

Of the farm animals sheep and goats tend to mate during the fall. 
The fact that the amount of daylight and temperature both decline in 
the fall months has led to some disagreement as to the respective roles 
of light and temperature. As reviewed by Yeates (1954), the breeding 
season of both ewes and rams has been reversed by gradual alteration 
in amount of daylight. By decreasing the length of day during the 
summer months the normal summer decline in sex drive and fertility of 
rams has been prevented. Studies on conception rate in dairy cattle in 
eastern Canada and New York State showed that conception rate was 
minimum in the winter. It was concluded that the amount of daylight 
influenced fertility and that the youngest and oldest cattle were most 
affected (Mercier and Salisbury, 1947). 

There is equally good evidence that temperature affects fertility in 
males. McKenzie and Berliner (1937) showed that semen quality is 
greatly reduced in the ram during the summer months and that the 
exposure of rams to high ambient temperatures reduced semen quality. 
Casady et al. (1953) reported a reduction in semen quality of the bull 
following exposure to high temperatures in a climatic chamber. 

In the human (Mills, 1939) there are seasonal trends in conception 
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fertility was maximum in March, April, May, and June, and mmimu 

in July. August, and February. ~ . 

The mechanisms by which alterations in light and temperature affect 

the reproductive process are only partly known. f n Str fi ly S J“ 
breeders the anterior pituitary gland secretes very little « f the gonado 
tropic hormones during the nonbreeding season. Experiments vs ith 
suggest that increasing amounts of light stimulate the pituitary to pro¬ 
duce increasing amounts of gonadotropins. Light may act through t 
optic nerve or other nerve endings to stimulate the anterior pituitary 

g The temperature-regulating mechanisms in homeothermic (constant- 
temperature) animals are exceedingly complex. In general it is found 
that increasing environmental temperatures above the critical tempera¬ 
ture for the species reduces the activity of the thyroid gland and is 
accompanied by a decline in general body metabolism. Since the critical 
temperature is about 75°F. in cattle and about 60°F. in swine of breeding 
age, it is not surprising that many physiologic processes are seasonally 
modified. Above the critical temperature, food intake, growth rate, 
and the efficiency of feed utilization are reduced. In chickens higher 
temperatures reduce egg numbers and egg size, and in dairy cows they 
reduce milk quantity and butterfat production. The possible direct 
effects of temperature on testis function must be considered. The 
scrotum functions to maintain testis temperature lower than that of the 
body cavity, and the mammalian testis will not produce sperm if main¬ 
tained at body temperature. The presence of excessive wool or fat in 
the scrotum or prolonged high ambient temperatures could conceivably 


affect fertility directly. 

Under natural conditions there are wide seasonal differences in the 
quantity and quality of natural foodstuffs. Until relatively recent years 
many domestic animals were feasted in the spring and summer and fasted 
during the winter. The excellent understanding of the principles of 
nutrition by livestock producers has tended to equalize the seasons from 
a nutritional standpoint. However, we should consider the significance 
of the observation that spring pastures still exert a stimulating effect on 
milk production, growth, fertility, and general health in most species. 
Throughout most of the United States the nutritive status of animals 
declines during the late winter months and during prolonged drought 
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periods. More will be said about the nutritional requirements for 
reproduction in a later chapter. 

The Scrotum. The testes are formed in the abdominal cavity, and 
in some species they remain there throughout life. In the course of 
evolutionary development they gradually came to lie at the posterior 
end of the body, pressing against the body wall. A continuation of this 
process finally led to an outpouching at this region, forming a sac, the 
scrotum , outside the body proper. It is here that the testicles are found 
in mammalian farm animals. In many other animals ( e.g. } birds) they 
remain in the abdominal cavity permanently, whereas other animals 
(e.g., woodchuck) show an intermediate phase, the testicles descending 
into the scrotum during the breeding season and being withdrawn into 
the body cavity when this season is completed. 

In addition to serving as a covering for the testicles the scrotum func¬ 
tions as a thermoregulatory mechanism. This function of the scrotum 
is shown by actual differences in temperature, the temperature in the 
scrotum being from 1° to 8°C. lower than that of the abdominal cavity. 
It has been shown by several workers that insulation or the application 
of heat to the testicles results in a degeneration of the spermatogenetic 
tissue, the production of abnormal sperm, and temporary sterility. 
These results are also known to follow periods of intense fever. Experi¬ 
mental transposition of the testes to the abdominal cavity leads to the 
same result, and it has been shown that cooling of the abdomen after 
transposing the testicles retards the rate of spermatogenic degeneration. 
If this degeneration has not been too severe or prolonged, the testicles 
recover their spermatogenic function when all conditions return to nor¬ 
mal. Moderate lowering of the temperature of the testicles has been 
shown to have no deleterious effect on spermatogenesis. 

The thermoregulatory function of the scrotum is accomplished through 
the medium of the tunica darlos muscle. This muscular coat consists of 
fibroelastic and smooth muscle, and consists of two layers, an outer layer 
applied close to the skin of the scrotum and a heavier inner layer. This 
muscle is highly sensitive to changes in temperature, drawing the testicles 
close up to the body at low temperatures and reversing the process at 
high ones. The development of the dartos anatomically and physiologi¬ 
cally parallels the development of the testes, especially their spermato¬ 
genic development. Castration of prepubertal rats prevents the develop¬ 
ment of the thermoregulatory function, and castration of mature rats is 
followed by the loss of the function. The injection of testosterone will 
either produce or maintain the thermoregulatory function, depending 
on the age at which castration is performed. 

If the testicles remain in the abdominal cavity in any species where 
they should normally descend into the scrotum, a condition known as 
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cryptorchidism, they usually lack their spermatogenic function but 

organs should be rega«>«*» 

nr disqualifying defect of a herd sire. If an animal is bilaterally crypt 
orchid^ he will usually be sterile. Fertility may be relatively normal 
one testis is present in the scrotum. It is well known that in many cases 
cryptorchidism has a heritable basis; therefore no animal with thw char¬ 
acteristic, or from a line where cryptorchidism is prevalent should be 
used for breeding purposes. In commercial livestock production the 
occurrence of cryptorchidism increases the difficulties of castration 
results in decreased carcass quality when one of the testes is missed at 
the time of castration, and decreases the value of purebred animals 
that otherwise might be sold as breeders. 

Sometimes the inguinal canal fails to close properly and a lows the 
viscera to enter the scrotum. This condition is known as scrotal hernia 
and is definitely known to be heritable in swine. It may be heritable 
in other species. 

Embryology of the Accessory Reproductive Organs. The higher 
vertebrates, which include all the farm animals, exhibit a complicated 
series of changes in urogenital development during cmbryological differen¬ 
tiation. In the transitional kidney (the mesonephric kidney) are formed 
the Wolffian body and Wolffian duct. As mentioned earlier, the semini¬ 
ferous tubules are formed from the Wolffian body. The Wolffian duct 
differentiates several distinct structures: the epididymis, vas deferens, 
ampulla, and the seminal vesicles. 

In chickens, and in other birds, the urinary, genital, and intestinal 
ducts join in a common structure called the cloaca. There is a small 
copulatory organ in birds, but it is inconspicuous. In the course of 
evolution the cloaca has been replaced in placental mammals by separate 
genitourinary and intestinal openings. In the male embryo of the farm 
mammals the urethra, prostate, and Cowper’s glands develop from the 
urogenital sinus, and the penis is developed as an extension of the urethra. 
The scrotum is first present as the labio-scrotal swellings in association 
with the urethra and penis, and eventually develops as an elongated 
pouch separated in the middle by a tissue septum. 

The Epididymis. The seminiferous tubules converge at the rete 
testis, from which there is a series of ducts, the vasa efferentia, which 
convey the sperm to the epididymis. The epididymis is a continuous, 
greatly coiled duct varying from a few feet to several hundred feet in 
length in some species. It is lined with ciliated, tall columnar cells 
and has some smooth-muscle cells in the tubule walls. The epididymis 
has three regions: the head, adjacent to the vasa efferentia; the mid¬ 
portion; and the tail, which is continuous with the vas deferens. 
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The rate of passage of sperm through the epididymis varies with 
species, rate of spermatogenesis, and perhaps sexual use. Much of our 
information as to its function comes from studies of the guinea pig and 
rabbit. It has been reported that sperm passage requires 4 to 7 days in 
the rabbit and 5 to 6 days in the ram. The movement of sperm through 
the epididymis is accomplished by the action of the ciliated epididymal 
cells, the pressure of sperm formed in the testis, and perhaps to some 
extent by ejaculatory contractions. Spermatozoa are not ordinarily 
motile while being stored in the epididymis, but they can be stimulated 
to activity if removed from the epididymis and placed in the common 
semen diluters. 

It seems reasonably clear that sperm undergo a physiologic maturation 
in the epididymis. Experiments with guinea pigs showed that sperm 
m the head of the epididymis produced only about half the conception 
rate as sperm from the tail of the epididymis. The epididymis is a very 
favorable storage place for sperm. This is the result of a favorable 
“nutritional” environment provided by the epididymal secretion and 
of the fact that the sperm conserve energy by remaining immobile 
during storage. If sperm accumulate in the epididymis as a result of 
sexual inactivity, they will undergo degeneration and eventual absorption. 
This is especially true in the ram during the nonbreeding season. 

The Vasa Deferentia. The passage of sperm from the tail of the 
epididymis to the urethra is provided by the vasa deferentia. Each 
vas deferens consists of a firm tubular structure lined with ciliated colum¬ 
nar epithelial cells and a relatively thick wall composed of smooth-muscle 
and connective-tissue cells. In the bull, ram, and stallion the wall of 
the vas deferens is greatly thickened near its junction with the urethra. 
This area is called the ampulla. It is not present in the boar. 

The vas deferens, in combination with the arteries, veins, and nerve 
supply of each testis, plus smooth-muscle and connective-tissue cells, 
constitutes the spermatic cord. The vas deferens is a passageway for 
sperm; the spermatic cord provides the vascular and nervous regulation 
of the testis. 

Sterility can be produced by cutting or tying the vasa deferentia. This 
operation, vasectomy , is legalized in some states for the sterilization of the 
feeble-minded and criminally insane. Sterility results because sperm 
are prevented from entering the urethra. Spermatogenesis continues 
in the testes, and the hormonal function is normal. Because some glands, 
e.g. y the pancreas, atrophy if their excurrent ducts are closed, it was 
hypothesized that following vasectomy sperm formation would eventually 
cease, that the interstitial cells would produce more hormone, and that 
sexual reactivation would be brought about. Information which would 
tend to disprove this was available as early as 1830, but the so-called 
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They open in the floor of the urethra, between which is found in man 
the uterus masculinus, which is the homologue of the uterus and vagi 
5 the female- In some species, «*, the boar, there are separate^open- 
ings for the vasa deferentia and the seminal vesicles into the ure hra. 
On the floor of the prostatic portion of the urethra 's found a ma l e eva 
♦son known as the crista urethra or caput galhnaginis, which contains 
erectile tissues and thus prevents the semen from passing backward into 
the bladder at time of service. 

The Seminal Vesicles. The seminal vesicles are the largest of the 
accessory glands of reproduction in the male. They are located in the 
pelvic cavity at the ends of the vasa deferentia, being an outgrowth of 
the latter at their urethral end, and each connects with the urethra by 

means of a duct. . , . . • 

The seminal vesicles vary in size; they are several inches in length in 

the stallion and have a bladderlike appearance. In the other farm 
animals they are elongated, firm, and lobulated, being about 4 or 5 inches 
long in the bull and the boar, and smaller in the ram. The seminal 
vesicles are lined with simple or pseudostratified columnar epithelial 
cells and are made up of a great number of irregular cavities and branch¬ 
ing ducts. The walls of the glands are composed of smooth-muscle 
fibers and connective tissue. The seminal vesicles are absent in the dog 


and the cat. 

The seminal vesicles contribute the largest part of the liquid portion 
of the semen in the stallion, bull, and ram. The chemical composition 
of the secretion varies with the species. It is usually alkaline or slightly 
acid, may contain yellowish or brownish pigment, and is high in nitrogen, 
citric acid, fructose, and ash. In common with the secretions of the 
other accessory glands, seminal-vesicle fluid serves as a diluter of sperma¬ 
tozoa, stimulates their motility, and participates in the coagulation 
process of semen in several species, such as the boar and the stallion. 

The Prostate Gland. The prostate is a compound tubuloalveolar 
gland made up of a large number of lobules. It is located at the neck 
of the bladder and tends to surround the urethra. It is not prominent, 
as are the seminal vesicles, and is easily overlooked. It is lined with 
simple or pseudostratified epithelial cells, and its most prominent micro¬ 
scopic characteristic is the presence of numerous secretion granules. 

The composition of the prostatic fluid varies widely with species. In 
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man it has a pH of about 6.5, has little reducing sugars, strong proteolytic- 
enzyme activity, and is high in citric acid and sodium and low in protein. 

The Cowper’s Glands. The Conner's glands , often called the bulbo¬ 
urethral glands, are small, firm, oval glands located on either side of the 
urethra posterior to the prostate and covered by the urethral muscle in 
the stallion, bull, and ram. In the boar they are elongated, cigar-shaped 
structures 4 or 5 inches in length. Less is known about their function 
and the nature of their secretion than about the seminal vesicles and 
prostate. The chief functions of the Cowper’s glands appear to be to 
cleanse the urethra in the first fraction of semen ejaculation. 

The Penis. The remaining portion of the male genitalia consists of 
the penis. This organ, besides conveying urine to the exterior, has the 
additional function of conveying spermatozoa into the female genital 
tract. The penis is made up of muscular and erectile tissue that become 
engorged with blood during the process of erection. 

Farm animals exhibit a wide variation in the structure of this organ. 
In the horse the end of the penis is rounded, and the organ nearly fills the 
vagina at copulation. In the bull the diameter is much smaller, with 
the external urethral orifice situated in the urethral papilla at the end 
and on the left side. The urethral papilla of the bull represents a vestigial 
filiform appendage. This is well developed in the ram in the form of a 
slender appendage which protrudes beyond the glans penis in a twisted 
manner. The penis of the boar is not provided with an appendage or 
lateral papilla, and the opening to the exterior is situated at the end of 
the organ and in the center. 

Ejaculation by the male is effected by a series of muscular contractions 
beginning in the vasa efferentia and involving the epididymis, vasa 
deferentia, seminal vesicles, prostate, and Cowper’s glands. The final 
discharge of the semen is brought about by the rhythmical contractions 
of the bulbocavernosus and ischiocavernosus muscles, which, proceeding 
progressively in waves, result in the ejaculation of the semen from the 
external orifice of the penis. 

Comparative Anatomy of the Genitalia of the Domestic Fowl. The 
outstanding difference between mammalian genital anatomy and that of 
the fowl is the location of the testes. In birds the testes are located on 
the dorsal wall of the abdomen adjacent to the kidneys. The importance 
of a lowered testicular temperature was emphasized in mammals. In 
birds not only is a scrotum lacking but the abdominal temperatures are 
several degrees Fahrenheit higher than in mammals. It has been theor¬ 
ized that the bird testis overcomes any possible temperature disadvantage 
by carrying on spermatogenic activity in the early morning hours, when 
body temperature is at its lowest. This theory has not been widely 
accepted. It has also been proposed that the air sacs of birds tend to 
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provide a cooling effect for the testes. The authors offer the oldest 
biological explanation—a natural species difference. . , 

The accessory glands characteristic of mammals are lacking 

'iSLs describe an epididymis, but it is much less promi¬ 
nent than in mammals. The avian vasa deferentia are much coded or 
folded whereas in mammals they are straight. Since fowls eliminate 
urine from the cloaca with the feces, the urinary and reproductive sys¬ 
tems are entirely separate. The vasa efferentia empty separately o 
either side of a small copulatory organ on the ventral surface of the 
cloaca. The cloaca, as previously defined, is the common passageway 
and opening of the intestinal, urinary, and reproductive systems. 

The physiology of the germ cells and the characteristics of the semen 

will be discussed in a separate chapter. 
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CHAPTER III 


THE ANATOMY AND PHYSIOLOGY OF THE FEMALE 
REPRODUCTIVE SYSTEM 


The reproductive process in the female is more complex than that in 
the male. The male is concerned solely with the production of sperma¬ 
tozoa capable of fertilizing ova. In placental mammals the female is 
concerned with the production of viable ova, implantation and nourish¬ 
ment of the embryo and fetus throughout gestation, the safe delivery of 
the offspring at parturition, and the nourishment of the young by the 
mammary glands until they can subsist on other nutrients. In birds, 
and in other egg-producing species, the genitalia are modified for the 
formation of exceptionally large ova, complete with nutrients and a pro¬ 
tective shell. In birds there are distinct patterns of maternal behavior, 
regulated by hormones, which cause the female to become broody when 
she has laid a characteristic number of eggs. She then ceases to lay 
and takes on the function of incubation. 

Anatomy of the Ovary. The ovaries are the primary reproductive 
organs of the female and are homologous to the testes in the male. The 
ovaries are suspended in the broad ligament of the uterus in the dorsal 
part of the abdominal or pelvic cavity. In the mare the ovaries are 
bean-shaped and 2 to 4 inches in the longest diameter; in the cow 1 to 
1 1/2 inches; and in the ewe 1/2 to 1 inch. The ovaries of the sow are 
usually larger than those of the cow and are irregular in shape because of 
the large number of follicles or corpora lutea which occur in all species 
that produce litters. 

In the domestic fowl, and other birds, only the left ovary is functional. 
During embryonic development there are two gonads, but the right ovary 
remains as a functionless rudiment. In laying hens the left ovary is very 
irregular in shape due to the development of large numbers of yolk- 
containing ova. These vary in size from microscopic ova to fully formed 
yolks and give the ovary the appearance of a bunch of grapes. 

Microscopically the ovary consists of two regions, the outer shell, or 
cortex , and a central portion, the medulla. The ovary is almost com¬ 
pletely covered with a single layer of cuboidal epithelial cells, the germi¬ 
nal epithelium. This is a distinct contrast to the testis, in which the 
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Fio. 15. Diagram of the genital organs of the cow. 


At certain stages of ovarian activity the ovary contains one or more 
large solid oval structures called corpora lutea. In Latin this means 
yellow bodies, and the corpora of some species, particularly cattle, are 
bright yellow or orange. In sheep and swine the corpora are usually 

light pink. ... f , 

Immediately beneath the germinal epithelium is a layer ot dense 
fibrous connective tissue called the tunica albuginea. Throughout the 
outer layer of the ovary, the cortex, are follicles in all stages of develop¬ 
ment and, at certain times, corpora lutea. The medullary (internal) 
portion of the ovary contains the larger blood vessels as well as the nerve 
supply and a mixture of connective tissue. 

Embryology of the Ovary. As previously described, the sexually 
indifferent gonads arise from the genital ridge in the abdominal wall. 
In the genetic female embryo the primary sex cords produce a secondary 
proliferation called the Pfliiger’s cords. Some of the cells from these 
cords are destined to become primary oocytes, the early stage of develop- 
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ment of each ovum. In association with each differentiating ovary is a 
tubular structure, the Mullerian duct. This will form the Fallopian 
tubes and uterus. 

Oogenic Functions of the Ovary. All ova originate from the germinal 
epithelium covering the ovary. During reproductive life individual 
germinal epithelial cells migrate from the surface of the ovary, become 
surrounded by the thousands of specialized cells which compose the 
ovarian follicle, and, if the process goes to completion, are liberated from 



Flo. 10. Disserted genital organs of the cow. A fresh corpus lutcum appears in tho left 
ovary, and a corpus lutcum from the previous estrual cycle is in the right ovary. ( Courtesy 
of Dairy Breeding Research Center. The Pennsylvania State University.) 


Graafian follicles by the process of ovulation. Oogenesis is a more or less 
continuous process in the female, just as is spermatogenesis in the male. 
There is a vast difference, however, in the number of functional gametes 
which are produced by the two sexes. In the male, one primary sperma¬ 
tocyte is capable of producing four functional sperm. In the female, a 
primary oocyte can at best produce one functional ovum and three polar 
bodies. However, most of the germinal epithelial cells which participate 
in oogenesis do not reach the final stages of follicular development 
culminating in ovulation. 

The reproductive process in the female consists of a series of distinct 
cycles called the estrual cycles. Some wild mammals have only one cycle 
each year. In cows the cycles are repeated at intervals of 19 to 22 days. 
Since most cows produce only one calf per gestation, only one ovum is 
produced during each estrual cycle. It is obvious, therefore, that in a 
nonpregnant cow only 18 to 20 ova would be produced annually. How- 
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ever, in order that functional ova will be produced in adequate numbers, 
there are thousands of small follicles, primary follicles, present in the 
ovary throughout sexual life. New ones are produced constantly, and 
those which do not complete their development regress and are absorbed 
by the ovary. This regressive process is called atresia. It has been 


estimated that in the human the ovaries may contain 350,000 follicles at 
birth. Nearly all of these undergo atresia before puberty, and new ones 
continually form. 

The stages of development of a typical ovum are shown in Fig. 17. 
A germinal epithelial cell, surrounded by other cells, migrates into the 
ovarian cortex; this structure is called an ovigerous tubule. The ovigerous 
tubule breaks away from the surface epithelium, and the future ovum 


Fig. IS. Maturation in ova of gonadotropin-stimulated mouso ovaries. Observo the 
chromosomes and the maturation spindles in the metaphase stage. Magnification approxi¬ 
mately 1200 X. 
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Fio. 19. Diagram of maturation or mitosis of germ cells in animals. The process begins 
with the third row of cells. Maternal chromosomes white, paternal black. All chromo¬ 
somes in the fertilized egg received from the mature egg are thereafter maternal, and those 
received from the spermatozoon are thereafter paternal, regardless of what they were in 
the mature germ cells. (After Shull.) 


distinct tissues which become specialized for the secretion of the female 
sex hormone estrogen, and, after ovulation, for the formation of the 
corpus luteu m. The successive stages of follicle development are primary 
follicle, secondary follicle, vesicular follicle (one containing a fluid-filled 
cavity), and a mature, or Graafian, follicle. 

As in the case of the male, the functional female gamete (the ovum) 
















52 BREEDING AND IMPROVEMENT OF FARM ANIMALS 

must contain the haploid number of chromosomes. Meiosis is somewhat 
delayed in the female. The oogonium contained in the primary, second¬ 
ary, and developing Graafian follicle has the diploid chromosome number. 
In most species the first reduction division occurs in the Graafian follicle 
prior to ovulation but may not be completed until after the sperm has 
penetrated the ooplasm. As shown in Fig. 19 the primary oocyte, which 
is present in the Graafian follicle, undergoes reduction division to form 
the secondary oocyte and the first polar body. This division accom¬ 
plishes an equal division of the chromosomes but is quite unequal in 


1*10. 20. Fresh corpus lutcum of the cow three days following ovulation. (Courtesy of 
Dairy Breeding Research Center, The Pennsyhania State University.) 

terms of protoplasm. The secondary oocyte acquires half of the nuclear 
material and nearly all of the cytoplasm and yolk. The secondary 
oocyte immediately completes a second division in which the chromosomes 
are again divided and the mature ovum and a second polar body pro¬ 
duced. The first polar body may produce two other polar bodies through 
equal division. Thus each primary oocyte has the capacity of producing 
one functional ovum and three polar bodies. 

Formation of the Corpus Luteum. The rupture of the follicular wall 
at the instant of ovulation is accompanied by the accumulation of blood 
in the empty follicle. This blood clots rapidly, and the follicle is now 
called a corpus haemorrhagicum. The granulosa cells of the former 
Graafian follicle and blood vessels and cells from the theca interna 










THE ANATOMY OF THE FEMALE REPRODUCTIVE SYSTEM 53 

differentiate and form the lutein cells of the corpus luteum. For several 
days after ovulation the corpus luteum is soft and is called afresh corpus 
Sum- it grows rapidly, becomes firm to the touch, and is then called a 
"corpus luteum. If conception occurs, the corpus luteum increases 
in size, remains functional in the ovary, and is called the corpus luteum of 
vregnancy. If the animal is not pregnant, the corpus luteum begins to 
rceress after the middle of the estrual cycle, its secretion of progesterone 
declines, and the ovary prepares for the production of a new ovum or ° va . 

Endocrine Function of the Ovary. The primary hormones secreted 
by the ovary are the female sex hormone, estrogen, and the hormone ot 
the corpus luteum, progesterone. The development of sensitive methods 
of detecting specific hormones has shown that the ovary is not the sole 
source of estrogens or progesterone, and that under certain conditions 
the ovary itself may produce androgens and other steroidal hormones. 

Estrogens are widely distributed in nature, and their chemical struc¬ 
tures differ greatly. The specific estrogen secreted by the ovary, largely 
by the Graafian follicle, is called estradiol. The urine of pregnant 
women is rich in the estrogens estrone and eslriol; these are probably the 
result of estrogen production by the placenta. Prior to the development 
of synthetic estrogens the urine of pregnant mares was widely used as a 
rich source of estrogens. 



Fio. 21. Structural formulas of two of the common female hormones. 


A number of compounds which do not occur in nature but which have 
very high estrogenic activity have been synthesized. These should be 
called hormonelike substances rather than hormones, but they are members 
of the estrogen group. The more common of these are diethylstilbestrol, 
dienestrol, and hexestrol. 

The estrogens produce both psychologic and physiologic effects. These 
hormones were named estrogens because of their role in inducing estrus, 
sexual receptivity. One of their primary functions, therefore, is the 
regulation of sexual behavior. The male exhibits more or less continuous 
sex drive. In female farm animals sexual receptivity occurs in a definite 
cyclic pattern. We have already stated that in the cow ova are produced 
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every 19 to 22 days. This is true of estrus as well. Although we shall 
discuss the estrual cycle of each species later, wc should establish the 
points that estrus and the production of ova occur in cycles, that estrus 
and ovulation are related, and that estrus is the outward manifestation 
of the female that mating must take place at a specific time if pregnancy 
is to be established. 

The estrogens are also concerned with the development and function 
of the tubular portion of the female genitalia. The most easily recog¬ 
nized effect of the estrogens is their stimulatory action on the vagina and 
vulva. This effect is the basis of the most commonly used biologic test 
for estrogenic activity. Prepubertal castration of the rat or mouse 
prevents the development of the vagina. The opening of the vaginal 
canal is prevented or greatly delayed, and the vagina has only a very thin 
lining of epithelial cells. The injection of estrogen in such an animal 
causes precocious opening of the vagina and the development of a very 
thick lining of epithelial cells. These cells are produced in great quanti¬ 
ties by the germinal epithelial layer. As new cells are produced the 
innermost cells are sloughed off and appear as large scaly cells with 
indistinct nuclei. These cells can be obtained for microscopic study by 
introducing a swab into the vagina and making a smear on a glass slide. 
The presence of large numbers of such large scaly cells is indicative of an 
estrogenic effect. This method is very accurate for the detection of 
minute quantities of estrogen and is widely used in biology and medicine. 
Likewise, the condition of the vaginal epithelium in normal animals is 
indicative of the stage of the estrual or menstrual cycle and has wide 
application in clinical studies. 

The development of the uterus is dependent upon both estrogen and 
progesterone. Development is initiated by estrogen and completed by 
progesterone. Estrogen injection of the castrate is followed by increased 
proliferation and activity of the epithelial cells lining the uterus and of 
the smooth-muscle cells of the myometrium. The activity of the uterine 
glands is ordinarily stimulated first by estrogen and is then continued by 
progesterone during the luteal phase of the cycle. Uterine activity, as 
measured by the rhythmic contractions of the uterus, is maximum during 
estrus, and the uterus is relatively quiescent when progesterone is being 
secreted by the corpus lutcum. 

The estrogens increase the blood supply of the genital organs and 
increase their secretory activity. The mucosal lining of the reproductive 
tract, especially of the cervix, may become engorged with blood during 
estrus and sometimes gives the appearance of being inflamed. Some of 
the engorged capillaries may rupture, releasing small amounts of blood. 
In cattle it is common to observe a blood-tinged secretion after heat ends. 
This should not be referred to as menstruation, since none of the verte- 
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brates except man and some other Primates exhibit menstruation. At 
the onset of estrus there is usually an increase in the thin, watery secre¬ 
tion discharged from the vagina. This secretion originates chiefly in the 
uterus and cervix. The secretion increases quantitatively during heat, 
and it becomes more viscous. Its production is brought about by 

increased estrogen production. T 

The estrogens influence both growth rate and type of growth, in 
chickens the administration of estrogens by injection or feeding brings 
about increased fat deposition and improvement in carcass quality of 
broilers and fryers. In cattle and sheep estrogen administration con¬ 
sistently increases growth rate and the efficiency of feed utilization. In 
mammals, unlike chickens, estrogens do not improve carcass quality 
through increased fat deposition. In tests thus far no improvement in 
growth of swine has followed estrogen administration. 

In the endocrine regulation of any process the level of hormone is 
extremely important. Exactly opposite effects may occur with the same 
hormone given at low or high levels. Small quantities of estrogens 
increase growth rate in male, female, and castrate sheep and cattle. 
High levels depress growth rate. It is common knowledge that body 
growth tends to cease after sexual maturity is reached. The best 
explanation for this is that high levels of either estrogens or androgens 
depress the secretion of the anterior pituitary growth hormone and cause 
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Fio. 22. Structural formulas of diethylstilbestrol and progesterone. 


closure of the epiphyseal junctions of the long bones. The administra¬ 
tion of estrogens results in a reduction or cessation of the pituitary 
gonadotropic hormones in both females and males and consequent 
inactivity of the ovaries or testes. For this reason breeding animals 
should not be injected or fed estrogens except upon the recommendation 
of specialists in endocrinology. 

The second ovarian hormone is 'progesterone. Progesterone is a steroid 
hormone closely related chemically to estrogens and androgens. It is 
secreted primarily by the functional corpus luteum but is present in the 



56 


BREEDING AND IMPROVEMENT OP FARM ANIMALS 


ovary before ovulation, and in some species is secreted in large amounts 
by the placenta. Estrogens and progesterone often act in combination 
or in sequence. The development of the uterine mucosa in preparation 
for pregnancy is initiated by estrogens and continued by progesterone. 
Mammary development is likewise initiated by estrogens and further 
stimulated by progesterone. Although estrus can be induced by estro¬ 
gen alone, in some species the presence of minute amounts of progesterone 
increases the effectiveness of estrogen. 

Progesterone is of great importance in the regulation of ovarian 
activity. The continuous se cretion of progesterone at a high lev el by a 
corpus luteum will prevent follicul ar develo pment and the occurrence of 
estrus. This situation often occurs in nature. The development of the 
corpus lute um of pregnancy is important in th em aintenan ce of the 
pregnancy and is usually accompanied by the cessation of the heat 
periods. In all except a few species, viz., guinea pig, man, monkey, the 
horse, and probably the sheep after the first third of pregnancy, failure 
of the corpus luteum to secrete progesterone during pregnancy is followed 
by abortion. It is believed that the animals mentioned produce suffi¬ 
cient progesterone in the placenta to maintain pregnancy even after 
ovariectomy. 

Ovariectomy. The removal of the ovaries is variously referred to as 
ovariectomy , castration, or spaying. It was once relatively common to 
spay beef heifers, but this practice has been largely discontinued. Ovari¬ 
ectomy does increase total fat deposition in cattle, but it slows rate of 
gain and decreases the efficiency of feed utilization. 

The most pronounced effects of ovariectomy are the cessation of the 
estrual cycles, atrophy of the reproductive tract, decreased metabolic 
rate, and increased fat deposition. In cattle, sheep, and swine, ovari¬ 
ectomy during early pregnancy results in either fetal absorption or 
abortion. 

Hormonal Regulation of the Ovary. The regulation of the testes by 
the pituitary gonadotropins FSH and LH (or ISCH) is relatively simple 
because of the continuous nature of testicular function. The distinctly 
cyclic nature of ovarian function, requiring follicular growth, estrus, 
ovulation, corpus luteum formation, and progesterone secretion, creates 
a problem in both timing and hormone levels. That the ovaries are 
regulated by the anterior pituitary gland has not been questioned for 
at least 25 years, but improved physiological and biochemical tech¬ 
niques have made it possible to detect hormones at levels previously 
not detectable. 

The follicle-stimulating hormone (FSH) produces growth of the smaller 
follicles and the development of Graafian follicles, but it alone does not 
bring about estrogen production in the follicles. Small amounts of the 
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luteinizing hormone (LH) act in combination with FSH and cause the 
follicle both to grow and to produc e estrog en. As the follicular estrogen 
increases in amount in the blood stream it brings about a decrease in 
FSH secretion and an increase in LH production. When sufficient LH 
is produced, ovulation occurs and the corpus luteum is formed by luteim- 
zation of the cells in the wall of the Graafian follicle. Heat, or estrus, 
is brought about by increasing estrogen levels supplemented by trace 
amounts of progesterone which are secreted before ovulation. In the 
rat, and probably in other species, a third pituitary gonadotropin has 
been reported, the luteotropic hormone. It is proposed that the function 
of the luteotropic hormone is to bring about the secretion of progesterone 
by the corpus luteum following luteinization of the ovaries. There is 
evidence that the lactogenic hormone of the anterior pituitary gland and 
the luteotropic hormone are identical. The primary function of the 
lactogenic hormone has been considered to be the stimulation of milk 
secretion. In summary, FSH in combination with trace amounts of LH 
brings about follicular growth and estrogen secretion. Increasing levels 
of estrogen decrease FSH secretion, increase LH, and ovulation and 
luteinization occur. Estrus occurs when estrogens, supplemented by 
small amounts of progesterone, reach proper levels. The corpus luteum 
is formed under the influence of LH and secretes progesterone when 
stimulated by the luteotropic (lactogenic) hormone. 

Ovarian activity can be disturbed by minor fluctuations in hormone 
levels and be completely upset by failure of the above hormones to be 
secreted at the proper time. Continued production of progesterone at 
high levels inhibits follicular development. When estrogen and proges¬ 
terone secretion fall to minimum levels during the estrual cycle FSH is 
again produced and the estrual cycle is repeated. 

Ovulation. Ovulation is the discharge of the ovum from the Graafian 
follicle. In most animals ovulation occurs near the end of estrus. 
Many theories have been proposed to explain the rupture in the follicular 
wall, e.g. y pressure from within the follicle, pressure induced from the 
blood supply of the ovary, muscular contractions of the ovary or follicle, 
and the action of proteolytic enzymes in the follicular fluid. 

Most animals, including all the farm animals, ovulate spontaneously; 
that is, ovulation does not depend upon copulation. The rabbit differs 
in that some type of stimulation, such as copulation, mechanical or 
electrical stimulation of the cervix, or other afferent stimuli, is necessary 
if ovulation is to occur. In the species in which the mechanisms of 
ovulation have been studied, whether or not they ovulate spontaneously 
or are similar to the rabbit, it appears that the primary regulation is the 
hormonal mechanism just described. 

The process of ovulation is a gradual one and is not in any sense 
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explosive or cataclysmic. The ripened follicle protrudes beyond the 
surface of the ovary; one or several areas of the follicular wall become 
avascularized, thin, and more or less transparent, until the wall finally 
ruptures at one point. The follicular fluid flows through the ruptured 
area, carrying the ovum with it. 




Fio. 23. Ovulation in the rat. 1. Ovum detached from germinal hill and approaching 
stigma. 2. Rupture of the stigma and passage of the ovum through it. (Courtesy of Dr. 
Richard J. Blandan, University of Washinyton, School of Medicine.) 


During the final stages of follicular development the chromosomes in 
the egg are reduced to one-half the somatic number by the budding-off 
of a polar body containing half the chromosomes but little or no cyto¬ 
plasm. As the time of ovulation approaches, the germinal hill (discus 
proligerus or cumulus oophorus) breaks up, freeing the ovum in order 
that it will not be trapped in the follicle. 
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Until recently, relatively little attention was given to neurogenic fac¬ 
tors in ovulation. It has long been recognized that neural factors are 
important in the rabbit, but little, if any, information was available for 
the farm animals. Recent reports indicate that the ovulatory process 
is not yet completely explained (Hansel, 1953; Nalbandov el a/., 1955). 
It has been suggested that in the cow, ewe, and hen a neurohumoral 
mechanism may be involved in the production of LH and the implemen¬ 
tation of ovulation. Sterile copulation may hasten ovulation in cattle. 
In sheep the introduction of plastic beads into the uterus both shortened 
and lengthened the cycle, depending upon the stage at which the beads 
were inserted. In hens the introduction of a thread into the oviduct 
may suppress ovulation. These results suggest that the uterus, the 
anterior pituitary gland, and the ovary may be partially coordinated by 
neurogenic factors. 

The Estrual Cycle. The outstanding characteristic of the reproductive 
process in the female i s its rhythmicity . All of the vertebrates which 
have been studied haveT definite reproductive cycles. There are wide 
species differences in the cycles, but each species has some basic pattern. 

In most mammals the cycle is called the e slrous or estrual cyc le. Some 
animals, such as the fox, have only one heat period each y ear and are 
called monestrous. The farm animals all have more tha n one cycle per 
year and are called polyestrous. Females, such as the ewe, which have a 
limited reproductive period are called seasonal breeders in contrast to the 
cow, which is a continuous breeder. The estrous cycle can be divided 
into several distinct phases. The most easily recognized phase is the 
period of sexual receptivity, or heat, and is technically known as estrus. 
The stage following estrus is called metestrus. It is during this period 
that the c orpus luteum forms and se cretes progesteron e, w hich brings 
about t he final dp yplnpmpnt. nf the u terus for pregn ancy. If pregnancy 
does not occur, the corpus luteum r egress es and there is a short period of 

S nita l rest called diestrus. Diestrus is followed by proestrus , which is 
aractenzed by fol licular growth and generally heightffieclTepr oductive 
activi ty. F ollicular growth is acco mpanied by the secretion of estrogen 
and traces of progesterone which gradually ind uce estru s. During heat 
the follicle usually reaches its maximum s ize, and ovulation occurs 
shortly before or ju st following the end of estru s. In seasonal breeders 
the genitalia have a long period of quiescence which is calle d anes trus. 
In cattle and swine the first part of lactation is usually accompanied 
by a period of sexual inactivity called lactational diestrus. 

The terms menstruation and menstrual cycle should be reserved for 
Primates. Menstruation is the shedding or elimination of a large portion 
of the uterine lining (endometrium) at regular intervals, usually every 
26 to 30 days. In the Primates ovulation occurs at approximately the 
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midpoint of the menstrual cycle. Thus ovulation would be most apt 
to occur 14 days after the beginning of menstruation in a female with a 
28-day menstrual cycle. Primates, unlike other mammals, do not have a 
limited period of sexual receptivity and have no outward manifestations 
which can be easily correlated with ovulation. The farm animals are 
characterized by the presence of a very limited period of estrus which is 
closely correlated with ovulation. 

Age and Ovarian Function. As in the male, there are in sexual 
maturity of the female wide differences between species, breeds, and 
individuals. The occurrence of the first heat period is usually regarded 
as an indication of puberty. Ovarian activity may be irregular during 
the period of sexual maturity. Ovulation may occur without any out¬ 
ward sign of estrus, and estrus may occur without ovulation. In sheep 
at the onset of each breeding season, as the ovary is being reactivated 
after the long period of anestrus, ovulation often occurs without estrus. 
In gilts fewer ova are usually produced at the first heat period, and larger 
litters will be obtained by breeding at the second or third heat periods 
following puberty. More will be said on this point in the section on 
breeding management practices. 

In farm animals old age is seldom a cause of infertility. The human 
is one of the few species in which ovarian activity ceases in later life; this 
phenomenon is called the menopause. 

Seasonal Ovarian Function. In wil d birds and most wild m ammals 
ovarian activity is strictly seasonal. Many of the mammals have only a 
single estrual cycle ( monestrus ). The dog and cat usually have two 
cycles annually. Females which have a series of estrual cycles are called 
polyestrous. Sheep fall in this group, but they are also an excellent 
example of a polyestrous seasonal breede r. With the possible exception 
of the Dorset and breeds of the fine-wool types, most breeds of sheep 
common in the United States have recurring estrual cycles from August 
through January, and most goats follow a similar pattern. Estrus 
occasionally occurs in sheep in the spring and summer. Sometimes, for 
reasons unknown, a fairly large percentage of ewes (50 per cent) in the 
same flock may become pregnant in the spring if rams are present. How¬ 
ever, out-of-season breeding of sheep on a planned basis is not yet prac¬ 
tical. Cattle, swine, and horses do reproduce throughout the year, but, 
as mentioned in the preceding chapter, there are seasonal fluctuations in 
breeding efficiency. 

Mechanisms Affecting Seasonal Ovarian Function. Light and tem¬ 
perature influence the anterior pituitary gland and other endocrine 
systems of the female in the same manner as described for the male. 
The best-known example of light and ovarian function is in the case of 
the chicken. The domestic fowl are long-day species, and their ovaries 
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respond to increased day length. Sheep and goats are short-day breeders, 
and their pituitary-ovarian activation requires a reduction in dayJenJh. 
It has been well demonstrated that decreasing day length by keeping 
the ewes in a completely darkened room during part of the day during 
spring^or early summer will induce estrus. In general, 10 hours of day¬ 
light and 14 hours of darkness will tend to induce estrus; however, prac¬ 
tical levels of fertility are not always attained. , , 

The same seasonal fluctuations in quality and quantity of pastures and 
other feedstuffs discussed under the male apply to females. The nutri¬ 
tional requirements for maximum reproductive efficiency in the female 
will be discussed in detail later. 

Embryology of the Accessory Reproductive Organs. The accessory 
genitalia of the female are less complex than those in the male. I hey 
are essentially a continuous series of tubes, the Fallopian tubes, the 
uterine horns, the body of the uterus, cervix, and vagina. In the sex¬ 
ually indifferent stage each embryo has both Wolffian and Mullerian 
ducts. In the genetic female the Wolffian ducts atrophy, and the 
Mhllerian ducts form the Fallopian tubes, uterus, and the anterior por¬ 
tion of the vagina. The urethra and part of the vagina are derived from 
the urogenital sinus. The clitoris is the female homologue of the glans 
penis, and the outer portion of the vulva is formed from the labio-scrotal 
swellings. 

The Fallopian Tubes. The Fallopian tubes , or oviducts , are modified 
at the ovarian end into a thin funnel-shaped fimbriated membrane. 
This portion of each tube is in close association with, and partly sur¬ 
rounds, the ovary but is not attached to it. Because of its funnel shape 
it is called the infundibulum or the fimbriated end of the Fallopian tube. 
This structure is especially designed to catch the ovum at the time of 
ovulation. Following ovulation the ovum rapidly descends into the 
Fallopian tube proper, where fertilization usually takes place. This 
portion of the tube is of small total diameter, being about 0.1 inch in the 
cow. Its wall contains smooth-muscle cells, and the lining epithelium is 
simple or ciliated columnar epithelium. Both the muscle cells and the 
cilia participate in the transport of the ovum and the sperm. The 
Fallopian tubes contain many folds, or convolutions, and in the human 
they sometimes become blocked, preventing conception. 

Uterus and Homs. In cattle, sheep, and swine the horns of the uterus 
are well developed, since fetal development occurs here. In swine the 
horns are folded, or convoluted, and may be 4 or 5 feet in length. This 
is an obvious adaptation for multiple fetation. In cattle and sheep the 
horns are curved somewhat like the horns of a ram; hence the descriptive 
name. 

In the mare and in woman the uterine horns are poorly developed, 
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and the body of the uterus is correspondingly larger, since fetal develop¬ 
ment takes place there. The lining of the entire uterus is called the 
mucosa. It consists of a row of columnar epithelial cells beneath which 
are large numbers of uterine glands. These glands produce the secretion 
which is evident at estrus and participate in the nutrition of the blasto¬ 
cyst prior to implantation. In cattle and sheep the mucosa contains 
from 70 to 130 specialized areas for the attachment of the fetal placenta. 
These structures are called the cotyledons. In the sow and the mare the 
placenta is of the diffuse type, is in more or less continuous contact, and 
there are no cotyledonary areas. 

The muscular structures of the uterus are well developed. There is 
an inner layer of circular and an outer layer of longitudinal smooth 
muscle. These muscle cells assist, by rhythmic contractions, in the 
transport of sperm to the Fallopian tubes, in the support of the fetus 
during pregnancy, and in contracting vigorously at parturition to expel 
the fetus. 

The Cervix. The terminal portion of the uterus is called the cervix or 
neck of the womb. This part of the reproductive tract has thick walls, 
is generally rather difficult to penetrate, and is usually filled with a thick, 
sticky secretion during pregnancy. 

The cervix of the mare is nearly straight, relaxes markedly during heat, 
and is relatively easy to penetrate. The cervix of the cow, ewe, and sow 
has several lateral projections or flaps which protrude into the passage 
and is usually fairly tightly contracted. Since the widespread use of 
artificial insemination livestock owners and inseminators have become 
very familiar with the cervix. It is recommended that when artificial 
insemination is used the semen be deposited just beyond the cervix. 
This necessitates the careful passage of an inseminating tube through the 
narrow passageway. 

The functions of the cervix are to serve as a passageway for the sperm 
and to protect the uterus from foreign material and infection. The 
cervix must relax sufficiently at the time of birth to allow for the expulsion 
of the fetus. 

The Vagina. From the cervix posteriorly to the urogenital sinus, or 
vestibule, the female genital tract is termed the vagina. In farm animals 
it lies horizontally below the rectum and above the bladder. This por¬ 
tion of the tract is relatively simple, both in structure and in function. 
It consists anatomically of the usual three layers of tissue, viz., mucosa, 
muscularis, and serosa. The epithelial lining of the vagina is very 
responsive to cyclic sexual changes. These changes have been inten¬ 
sively studied and correlated with the phenomena of estrus and ovulation 
in laboratory animals and in woman. During estrus the cellular epi¬ 
thelial lining of the vagina proliferates and becomes highly stratified. 
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During anestrus it is less active and cons1 ^ ° f g to 10 inches, 

The —— 

r ,e penile 

male in copulation and in most cases the semen also, and (2) to prov.de 
passage for the fully developed fetus at term. 


The Vulva and Clitoris. The female genital tract terminates poste¬ 
riorly in the vulva, or external orifice. With the onset of heat, or estrus, 
these structures become congested and enlarged, particularly in the sow, 
somewhat less so in the cow, the mare, and the ewe. The clitoris, the 
small erectile organ homologous to the penis in the male, is situated just 
inside the portion of the vulva farthest removed from the anus. Stimu¬ 
lation of the clitoris results in a sexual orgasm in the female. 

Comparative Anatomy of the Genitalia of the Domestic Fowl. The 
functional requirements of the genitalia of egg-laying species are quite 
different from those of placental mammals. Birds have one functional 
ovary, the left, and a rudimentary right gonad. The ovary of the chicken 
is the most active of all bird ovaries and is capable, in highly selected 
strains, of producing 300 or more eggs per year. Because the bird ovary 
must secrete large amounts of yolk in association with the ovum, the 
ovary is very large and irregular in shape, and ripe ova hang from the 
ovarian surface much like grapes. Since there is only one functional 
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ovary, the tubular genital structures are not paired as in mammals. 
The term oviduct is used almost exclusively when referring to the hen 
genitalia. The infundibulum is very large and is quite active at ovulation 
m the process of engulfing the yolk. The greater part of the oviduct is 
called the magnum; this structure secretes the thick albumen, or egg 
white. When sufficient albumen has been deposited (about three hours 
are required), the egg passes into a region called the isthmus, where the 
shell membranes are formed; this takes approximately one hour. The 
egg then enters the uterus, where the shell is deposited. This process 
requires about 20 hours. When the shell is complete the egg enters the 
vagina and is expelled through the cloaca. The actual process of u lay¬ 
ing” the egg is completed in a few minutes. From the time of ovulation 
until the egg is laid requires 25 or 26 hours in the average hen. 
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CHAPTER IV 

THE PHYSIOLOGY OF SPERMATOZOA AND OVA 


In species characterized by sexual reproduction the reproductive 
process is initiated by the union of a spermatozoon and an ovum.■ 11 “ 

germ cells, or gametes, are the most important s.ngle cells in the higher 
vertebrates, and they are probably the most specialized. The gametes 



Fio. 25. Hartaoeker's conception of human sperm in accordance with the theory of 
preformation (1694). 

are unique in that they contain the haploid number of chromosomes and 
in that they cannot reproduce themselves as can most epithelial cells. 
In all the farm animals and in man the sperm must be deposited in the 
female genitalia if fertilization is to take place. In mammals the ferti- 
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lized ovum is retained in the uterus for differentiation and development. 
In poultry and other birds the fertilized ovum is provided with a protec¬ 
tive shell and a large supply of nutrients, and its development takes place 
outside the body. Although the ovum and the sperm have a common 
purpose in inheritance, they differ greatly in anatomy and physiology, 
and knowledge of their characteristics is essential in the accomplishment 
of efficient reproduction. 

Anatomy of Spermatozoa. Following Leeuwenhoek’s development of 
the microscope, spermatozoa were first observed by one of Leeuwenhoek’s 
students, Ham, in 1677. Their significance in reproduction was not 



Fio. 2ft. Generalized anatomy of the spermatozoon. 

realized at the time. About the middle of the eighteenth century Spall¬ 
anzani showed that filtered semen was incapable of initiating pregnancy, 
and Barry, in 1843, observed the actual fertilization of a rabbit ovum by 
a sperm. Ham, Leeuwenhoek, and others recognized species differences 
in the anatomy of sperm, but, because of the limitations of the early 
microscopes, they also described characteristics which we now know to be 
incorrect. The theory of preformation developed during this era. It 
was proposed that the whole body in miniature was contained in the 
sperm (or ovum) and that development after deposition in the female 
was essentially one of growth of the microscpoic individual. 
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centrosome at the neek end. A fibrillated filament extends rom the 
posterior centrosome to the end of the tail. There are several sheaths 



2. Sheep 

Fio. 27. Species differences in spermatoros. 


around this filament in the body of the sperm. The tail is made up of 
two regions. The thicker portion is called the chief piece, and the remain¬ 
der, the end piece, is the bare continuation of the axial filaments. The 
movement of the sperm is brought about by the lashing of the tail. 

Although there are minor differences in size, all spermatozoa are 
extremely small. The head length of sperm of the human ranges from 
3 to 6 m (microns), that of the stallion from 6 to 7m, that of the ram from 
8 to 9m, that of the bull from 9 to 10m, and that of the fowl is about 20m- 
The body and tail portions are considerably longer than the head, and 
the total sperm length of the above animals varies from 50 to 80m- 

Recent studies with the phase and electron microscopes have revealed 
some new details in anatomy. Baylor et al. (1943) showed that in bulls 
the anterior portion of the sperm head is always enveloped by a proto¬ 
plasmic cap and that the sperm tail ends in a brush consisting of many 
free and long filaments. Schnall (1952) found that the head of human 
sperm contains a large posterior nucleus and a small anterior acrosome, 
which may contain vacuoles. No chromosomal identification was pos- 
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sible even at 20,000 diameters, giving further proof that the chromatin 
i, in a state of condensation. Wu and McKenzie (1954) showed that 
improved detail could be obtained with the electron microscope if the 
snerm were first denuded with NaOH solution. Using this method, they 
obtained clear proof that there are 9 fibrils at the head-neck junction in 
ram sperm and that the fibrils extend from the head to the midpiece. 

Anatomy of Ova. The ovum is more typical of body cells than is the 
sperm. Ova arc normally spherical, have a relatively large amount of 
cytoplasm, have a typical nucleus with a recognizable nucleolus, and are 
immobile. The ova of mammals are small, but when they have been 
identified under the microscope they can be seen without magnification. 
The size of the ovum is 0.07 mm. in the mouse and from 0.14 to 0.10 mm. 
in sheep, cattle, and the human. In egg-laying species the ovary pro¬ 
duces large amounts of yolk, and the oviduct contributes albumen and the 
shell. The ova in birds and reptiles range from less than an inch to 
several inches in diameter. The ostrich egg can be correctly described as 
the largest known single cell. 

While developing within the Graafian follicle the ovum is surrounded 
by follicular cells of the stratum granulosum. Prior to ovulation the 
ovum is detached from the germinal hill of the follicle and floats in the 
follicular fluid. In some species, e.g., the rabbit, the ovum is surrounded 
with cells (the corona radiata, or cumulus cells) at the time of ovulation, 
but in cattle, sheep, swine, and the horse the ova are generally free of 
adhering cells. 

Comparison of Sperm and Ova. Ova are very large in comparison 
with sperm, ranging from 0.07 mm. to several inches in diameter. All 
sperm are microscopic. Ova arc spherical; sperm elongate, with a highly 
developed flagellum. Ova are produced in limited numbers, often 
singly, at each heat period; sperm are ejaculated in millions or even bil¬ 
lions. Ova are immobile, while the outstanding characteristic of sperm 
is motility. All ova contain abundant cytoplasm, and most ova have 
some yolk. Sperm have a minimum of cytoplasm. Ova have a typical 
nucleus with recognizable chromosomes and nucleolus. In sperm the 
chromatin is not recognizable as chromosomes, and nuclear details such 
as a nucleolus cannot be distinguished. 

Semen Volume and Sperm Numbers. There are considerable species 
and individual differences in semen volume and sperm numbers. They 
are influenced by age, season of the year, general health, and sexual use. 
The ram is capable of repeated service without noticeable decline in 
volume and sperm concentration. In boars and stallions service rates 
higher than twice daily usually affect semen quality. The best general 
rule is that semen characteristics should be expected to be equal to the 
species averages shown in Table 3. 
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Table 3. Species Differences in Semen Quality 


Animal 

Volume 
per ejaculate 
(ml.) 

Sperm 
per mm.* 
(1,000’s) 

Total sperm 
per ejaculate 
(billions) 

Boar. 

150-250 

100 

15-25 

Bull. 

3-5 

1.000 

3-5 

Cock. 

0.6-0 8 

3.000 

1.8-2.4 

Dog. 

4-6 

3.000 

12-18 

Man. 

3-5 

100 

0 3-0 5 

Ram.. 

0 8-1.0 

1.000 

0.8-1.0 

Stallion. 

70-100 

100 

7-10 


Sperm Motility. The most outstanding characteristic of spermatozoa 
is their ability to move. It is generally accepted that a sperm which 
has lost its motility is incapable of fertilizing an ovum. The presence 
of motility, however, does not guarantee that the fertilizing capacity still 
exists. It is likewise well known that the more rapidly sperm move the 
shorter their length of life. One of the basic problems in the preservation 
of semen for use in artificial insemination is the reduction of motility 
during storage but the maintenance of the capacity for motility and the 
reestablishment of vigorous activity after the sperm have been intro¬ 
duced into the female genitalia. It is not unusual for the motility of bull 
spermatozoa to persist for 3 weeks when stored under proper conditions, 
but it is very unusual for conception to occur in cattle with semen which 
has been stored for 10 days. In frozen semen the sperm must retain their 
capacity to move when defrosted. 

Numerous types of sperm movement have been described. The type 
of movement and speed of travel, however, are modified by many factors. 
Epididymal sperm exhibit little, if any, movement. The dilution of 
epididymal sperm with seminal fluid or artificial semen diluters is followed 
by an increase in sperm activity. Sperm movement is decreased by 
lowering semen temperature, increased viscosity of the medium, an 
increase in carbon dioxide, and an increase in time following ejacula¬ 
tion. In freshly ejaculated semen held at body temperature sperm 
movement is rapid, approximately 3 mm. per minute. 

Prior to the widespread dilution of semen for artificial insemination 
motility referred almost exclusively to the degree of movement of sperma¬ 
tozoa in whole semen. It is now necessary to distinguish between the 
motility of whole and diluted samples. There is little similarity between 
the appearance of fresh whole semen and the same sample immediately 
after dilution. The appearance of good-quality fresh semen from the 
bull, ram, or cock, species with high concentration, is that of millions of 
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sD erm in vigorous motion, with eddies and currents and a constant undu- 
latinK movement. It is difficult to distinguish the behavior of individual 
cells in such samples, and even dead sperm appear to move because of 
the motion set up by the live sperm. In semen which has been diluted 
or extended for artificial insemination there is little movement ot the 
liquid portion of the semen and the individual sperm stand out clearly. 

The initial motility of fresh semen should be determined as soon as 
possible after collection of the semen. This should be done before the 
semen temperature has dropped much below body temperature. It is 
accomplished by placing a small drop of semen on a hanging drop slide 
in a warm room, or temperature can be maintained by the use of a special 
slide warmer. Various types of motility have been described, but the 
clinician usually distinguishes rapid, progressive, and in-place or undula- 
tory motility, and scores semen samples on a basis of 0-5 in which: 

5 « 80-100 per cent progressive motility, swirling motion of the drop as a 

whole _ 

4 «= 60-80 per cent progressive motility, swirling motion indefinite or absent 

3 « 40-60 per cent progressive motility, movement limited to individual 
spermatozoa 

2 „ 20-40 per cent of spermatozoa showing undulatory movement 

1 - 20 per cent or less of spermatozoa exhibiting undulatory movement 

0 « no motility 

Semen which has been diluted with egg-yolk buffer is somewhat hard 
to see through under the microscope, and the presence of large numbers 
of varying-sized yolk globules is confusing to the beginner. The standard 
for fresh semen which is described above is the one in general use, with 
the exception that there is no swirling motion of the semen itself. The 
type of motility of the individual sperm is important. Samples which 
score 4-5 should contain sperm showing definite progressive motility, and 
the movement of the sperm should be sufficiently vigorous to agitate the 
yolk globules. 

There are several factors which commonly affect motility and which 
will lead to incorrect estimates if not guarded against. There is a progres¬ 
sive decline in motility as temperature falls. The sample should be 
warmed, preferably to a standard of 80° to 90°F., if uniform results are 
to be obtained. The determination should be completed rapidly. 
Semen dries quickly in a warm room, and exposure to air inactivates the 
sperm. If an estimate is not made within a few seconds, a second sample 
should be taken. Dirty slides or traces of water or alcohol will affect 
the degree of motility. Although it cannot be said with certainty that a 
diluted sample scoring 1 will never produce fertilization, it can be said 
that the degree of fertility will be highest when samples scoring 4 or 5 can 
be used. 
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Transport of Spermatozoa in the Female Genitalia. Sperm pass from 
the vagina to the distal ends of the Fallopian tubes in a surprisingly short 
time. Sperm have been recovered from the uterine horns or Fallopian 
tubes in as little as 15 minutes in the mare, 18 minutes in the bitch, 20 
minutes in the ewe, 26 minutes in the hen, and less than 5 minutes in the 
cow. In view of the fact that sperm travel about 3 mm. per minute in 
vitro it is obvious that their passage is facilitated in the female. The 
best evidence available indicates that motility of the uterus rapidly 
transports the sperm to the Fallopian tubes, the normal site of fertiliza¬ 
tion. As summarized in a review of uterine motility by Van Demark and 
Hays (1953), it is generally believed that uterine activity is increased 
during the estrogen phase of the estrus cycle and decreased by progester¬ 
one. Hays and Van Demark found that rapid small contractions occur 
during estrogen stimulation and that there are larger but slower contrac¬ 
tions after the formation of the corpus luteum. They concluded that 
breeding management practices such as careful handling of the female 
may affect uterine activity and sperm transport, and thus affect con¬ 
ception rate. The sight of the bull and copulation with the bull increased 
uterine contractions, as did artificial-insemination procedures carried out 
without hurting or annoying the cow. 

Sperm Survival in the Female Genital Tract. The fact that there are 
very great species differences in sperm survival in the female genitalia 
has resulted in many unsubstantiated beliefs. In most mammals it is 
very unlikely that sperm have a useful life of more than 36 to 48 hours 
after entering the female. In fact, most animal-breeding specialists 
recommend that natural service or artificial insemination should precede 
the time of ovulation by only a few hours. In farm practice we are con¬ 
cerned with maximum efficiency, and one of our goals is to accomplish 
natural or artificial service at a time which will produce the highest 
fertilization rate. As summarized by Chang and Pincus (1951), the 
fertilizing capacity of the sperm of several mammals persists for the 
following intervals after copulation: mouse, 6 hours; rat, 14 hours; guinea 
pig, 22 hours; bull, 24 to 30 hours; ram, 24 to 36 hours; rabbit, 32 hours; 
and in the bat the sperm may be deposited in the female in the fall and 
remain capable of fertilizing ova as long as 159 days later. 

Sperm survival in the chicken and the turkey is long by mammalian 
standards. In the chicken, fertile eggs have been laid as long as 32 days 
following mating. In artificial-insemination practice in chickens excel¬ 
lent fertility is maintained when insemination is carried out at weekly 
intervals. The survival of sperm in turkey females is even longer. 
Hale (1955) found that the average duration of fertility was 43 days fol¬ 
lowing an isolated mating and that maximum sperm survival resulting 
in fertilization was 62 days. Fertility and hatchability remained high 
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for at least 4 weeks following mating. In a previous study McCartney 
(1951) reported 90 per cent fertility in turkeys for 6 weeks following a 
single artificial insemination. 

Number of Sperm Required for Fertilization. Since only one sperm 
actually functions in fertilization, we may well question the reason for 
the millions or billions of sperm which are deposited in the female at 
natural service. 

Many of the earlier estimates of the number of sperm required tor 
fertilization have been nullified because of advances in knowledge and 
techniques in semen physiology. In rabbits, for example, in 1927 it was 
thought that 1 , 000,000 sperm were necessary for maximum fertility and 
that sterility occurred if there were 100,000 or fewer sperm. In 1946 it 
was concluded that maximum fertility could be attained with 330,000 to 
420,000 sperm and minimum fertility with 40,000. In 1948 it was found 
that 16,000 sperm will give partial fertility and 90,000 spermatozoa maxi¬ 
mum fertility (Cheng and Casida, 1948). 

In summarizing the information available for the rabbit, Chang (1953) 
calculated that if a female rabbit received 10 to 20 million sperm, 5,000 
would reach the Fallopian tubes; if a million sperm were inseminated, 
up to 500 would reach the tubes. He concluded that up to 1,000 sperm 
might reach the vicinity of the ovum, 30 would penetrate the zona 
pellucida, or outer portion of the ovum, and that one sperm would unite 
with the ovum, completing fertilization. 

Since the accomplishment of successful artificial insemination with 
fresh semen there has been a steady improvement in semen-processing 
techniques. In 1940 cattle semen was usually diluted at the rate of 1:4; 
by 1945 the dilution rate had been increased to from 1:10 to 1:16. Since 
1948 it has become a rather standard practice to dilute semen on the 
basis of motile spermatozoa per milliliter. In most insemination asso¬ 
ciations the diluted semen contains 10 to 12 million sperm per milliliter 
(the standard insemination dosage). This represents an average dilution 
rate of 1:100. When bulls of known high fertility are used, dilution rates 
as high as 1:400 have been employed without lowered conception rate. 
Even at this rate of dilution as many as 4 million sperm are provided to 
fertilize one egg. With further research it would seem possible to attain 
much greater efficiency in the use of semen. 

The Metabolism of Semen and Spermatozoa. The principal metabolic 
processes of semen are fructolysis and respiration. In general, both 
fructolysis and respiration of semen are dependent on the spermatozoa 
and are related to the numbers and to the degree of motility of the sperm. 
However, it has long been known that sperm-free seminal plasma may 
exhibit extracellular respiration and glycolysis. 

Under ordinary conditions, without supplementary oxygen, sperma- 
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tozoa utilize carbohydrate as a source of energy. In 1946 it was discov¬ 
ered that the principal semen sugar was fructose, and since that time a 
number of fructolysis studies have been made. As reviewed by Mann 
(1954), the anerobic incubation of fresh semen results in a predictable 
decline of fructose and a simultaneous increase in lactic acid. In bull 
semen the changes are correlated with sperm numbers and motility. 
Fructolysis does not occur in the absence of sperm or in the presence of 
nonmotile sperm. 

In order to determine whether or not sugar actually enters the sperm 
or is metabolized through extracellular processes, Flipse (1954) utilized 
glucose labeled with C H . When washed sperm were used the radio¬ 
activity was 5 to 8 times as great as when formalin-inactivated sperm 
were incubated with labeled glucose, either in the presence of oxygen or 
under nitrogen. These data suggest that sperm can utilize exogenous 
glucose. This knowledge is of importance in problems relating to sperm 
dilution and storage. 

In a later study using C ,4 -labeled glucose Flipse and Almquist (1955) 
found that spermatozoa apparently are capable of metabolizing glucose 
to lactic acid and that the lactic acid may be changed to carbon dioxide, 
acetate, and other compounds. 

In the presence of oxygen the respiratory activity of semen is related 
to sperm numbers and activity. Sperm are apparently capable of oxidiz¬ 
ing intracellular substances, probably lipid, and it has been shown that 
respiration may occur in the absence of sperm motility and when fructoly¬ 
sis is prevented (Mann, 1954). 

Physicochemical Properties of Semen. Semen is the entire discharge 
of the male during normal ejaculation. It consists of two general por¬ 
tions. The cellular elements, the spermatozoa, are produced by the 
testis. The liquid portion of the semen, the plasma, consists of the secre¬ 
tions of the seminiferous tubules, epididymis, vasa deferentia, seminal 
vesicles, prostate, and Cowper’s glands, and the diffuse glandular cells 
which are present in certain parts of the urethra. 

Thousands of chemical determinations have been made on the semen 
of various species and on the secretions of the various parts of the genital 
system. One of the chief purposes of such determinations has been to 
gain information which would lead to the development of suitable arti¬ 
ficial media for sperm. This approach has been of value, but it has many 
limitations. As biochemists well know, the determination of elements 
and simple compounds tells very little about the organization of complex 
biological systems. The semen itself is chiefly water; the amount differs 
with species and the relative concentration of sperm per unit volume of 
semen. The amount of water varies from about 90 per cent in man to 
about 98 per cent in the dog. 
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It should be reemphasized that there are wide species differences m the 
composition of semen due to sperm concentration, volume P er e l» cula “' 
and differences in the secretions from the accessory glands. Among tne 
more important constituents of semen are fructose, citric acid, and lactic 
acid. As previously mentioned, these compounds participate in the 
metabolic processes of sperm concerned with carbohydrate utilization 
and the production of energy for maintenance and motility, the most 
common inorganic constituents are sodium, potassium, calcium, mag¬ 
nesium, phosphorus, and chlorides. Representative analyses of semen 
are shown in Table 4. 


Table 4. Semen Composition of the Bull, Ram, and Boar* 



Average values, mg./lOO ml. 


Bull 

Ram 

Boar 


9530 

14,820 

4600 


371 

87 

328 


109 

103 

646 


288 

71 

243 


34 

9 

5 


12 

3 

11 

Total phosphorus... 

82 

357 

66 

Inorganic phosphorus. 

9 

12 

2 


756 

875 

613 

Mnn-nmfffin nitrogen. 

48 

57 

22 

Urea . 

4 

44 

5 


540 

247 

12 


29 

36 

27 

Citric acid. 

720 

137 

141 


* Adapted from Mann. T.. "The Bioc hernia try of Semen." Methuen and Co.. Ltd.. London. 1954. 


Because the sperm head is the best-known source of nuclear material 
without appreciable cytoplasm, it has been intensively studied by those 
interested in the composition of chromosomes and genes. Sperm chro¬ 
matin is a deoxyribonucleoprotein made up of deoxyribonucleic acid 
conjugated with such nuclear proteins as protamines and histones. 
Sperm are relatively rich in amino acids, including histidine, lysine, 
methionine, phenylalanine, anu threonine, and are especially high in 
arginine. 

The pH and buffering capacity of semen is of importance in the motility 
and survival of sperm during storage. The pH is affected by such factors 
as species, temperature, age of semen, variations in accessory-gland fluids, 
frequency of service, and season. In most farm animals the pH is seldom 
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less than 6 or more than 8 and tends to be confined to a narrow range 
around 7. Typical pH values are: bull, 6.9; ram, 7.0; boar and stallion, 
7.2; and cock, 7.1. 

One of the limiting factors in the survival of single cells, such as blood 
cells, sperm, or bacteria, is the osmotic pressure of the medium. It has 
long been known that this is remarkably constant in fluids such as blood 
and milk, and in recent years many studies of the osmotic pressure of 
semen have been made. The most common method of determining 
osmotic pressure is by measurement of the depression of the freezing 
point; the temperature at which semen freezes is compared with the 
freezing point of water. The average depression of bull semen is 0.609°C.; 
ram semen, 0.641°C.; stallion semen, 0.595°C.; boar semen, 0.616°G\; and 
rabbit semen 0.574°C. (Anderson, 1945). 

The Evaluation of Semen. Since the discovery of sperm by Ham and 
Leeuwenhoek in 1677 there have been continuing efforts to develop accu¬ 
rate methods for the prediction of the fertility of males by semen examina¬ 
tion. Because of the complex nature of fertility, especially the fact that 
a reduction in the fertility of either sex may influence the apparent fertil¬ 
ity of the other, there is as yet no single laboratory procedure which will 
predict fertility with reasonable accuracy. The sterile male can usually 
be readily detected, and a trained technician should be able to distinguish 
between superior and inferior semen samples. 

In the final analysis the only true test of fertility is that of mating or 
artificial insemination. Erb et al. (1950) concluded that at least 30 insem¬ 
inations were necessary to evaluate the conception rate of a single semen 
sample with reasonable accuracy, and that to estimate fertilizing capacity 
within 3 per cent two-thirds of the time, 300 or more inseminations would 
be required. In view of these results it is not surprising that there is a 
low correlation between some laboratory tests and actual fertility. 

Volume of Semen. Volume is usually determined in a graduated centri¬ 
fuge tube in the bull, with a 1-ml. tuberculin syringe in the ram and the 
rooster, and with a 100-200-ml. graduate in the stallion and the boar. 
The volume is not necessarily related to the fertilizing capacity of the 
spermatozoa, since sterile animals may produce large ejaculates. Volume 
is of great practical importance in artificial insemination. If all other 
factors in regard to quality are equal, the male with a large ejaculate is 
most desirable. The rate of semen dilution which will be made is deter¬ 
mined largely on the basis of semen volume and numbers of sperm per 
unit volume of semen. 

Number of Spermatozoa. The number of spermatozoa per unit volume 
of semen varies with species and individual, and breeding males should 
be expected to meet the requirements for their species, as previously 
elaborated. The number of sperm in semen is usually expressed in terms 
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, qnerm per cubic millimeter. The standard method of counting sperm 
■ , he same as that employed for counting red blood cells. This technique 
£ iesXdm detail innearly every physiology text. In brief it involves 
the dilution of the semen in a red-blood-cell-diluting pipette, the thoroug 
shaking of the pipette to bring about an even dispersion of the sperm, 
and the discharge of a small quantity of the diluted semen into the meas¬ 
ured chamber of a hemacytometer. The number of sperm within certain 
ruled areas of the hemacytometer is counted beneath a microscope, this 
number is multiplied by a standard factor, and the number of sperm is 

thus determined. , 

Smith and Mayer (1955) report that the accuracy of counting can be 
improved through the use of special eosin-containmg sperm-diluting 
fluids such as a 2 per cent solution of NaCl containing 1 or 2 gm. of eosin 

B per 100 ml. ... *• e 

Methods for the estimation of sperm numbers by the centrifugation ot 

capillary tubes containing whole semen have been described. By cen¬ 
trifugation at a certain speed in relation to gravity for a standard time, 
the sperm are packed into one end of a capillary tube and the volume of 

the packed cells is measured. . t lt , . . 

The ideal method of determining sperm numbers in bull studs must be 
simple, rapid, and accurate. The dilution of semen at a standard rate 
and then measuring the relative light transmission in a photoelectric 
colorimeter is rapid and reasonably accurate, but the equipment required 
is rather expensive. This method is widely used in bull studs because of 
the importance of diluting fresh semen in relation to the number of motile 
sperm contained. 

Motility of Spermatozoa. The motile characteristics of sperm were 
described earlier in this chapter. Some type of motility estimate is made 
in every bull stud, and the clinical fertility examination of every male 
includes such an estimate. The type of motility, whether progressive 
or without appreciable forward movement, is recorded, and most clini¬ 
cians attempt to make a visual estimate of the percentage of motile 
sperm. It must be remembered that motility is quickly reduced by 
conditions unfavorable to sperm, and methods must be carefully stand¬ 
ardized for repeatable results. 

Number of Abnormal Spermatozoa. It has long been recognized that 
there are sperm with gross morphological abnormalities in nearly all 
semen samples and that in some samples the majority of sperm are 
deformed. If semen preparations are made by approved procedures to 
eliminate mechanical sperm damage or artifacts, certain conclusions as 
to semen quality can be made. Several slides of each semen sample to 
be examined should be prepared at the time of collection. This can be 
accomplished by placing a very small drop of thoroughly mixed semen at 
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one end of a glass slide and drawing it out in a very thin film in the same 
way that blood smears are made. Considerable practice is required to 
make satisfactory slides of highly concentrated semen. The problem is 
one of obtaining a smear thin enough for study without mechanical dam¬ 
age to the spermatozoa. The slides may be allowed to air-dry and then 
may be placed in a saturated chlorazene solution for 5 to 10 minutes to 
remove mucus. They should then be rinsed in distilled water, washed 
in 95 per cent alcohol, allowed to dry, then stained with Ziehl’s carbol- 
fuchsin for 1 or 2 minutes, rinsed in tap water, and allowed to dry. The 
stained slides should be studied under high-dry or oil-immersion objec¬ 
tives and classified by some definite scheme. 

Nearly as many systems of classification have been devised as there 
have been investigators, but the abnormal sperm types most usually 
encountered are head abnormalities, such as tapering, shrunken, large, or 
small heads; enlarged, beaded, broken, or filiform middle pieces; and 
coiled, broken, or missing tails. A study of a single smear of semen is 
sometimes misleading, for seasonal effects, excessive use, or long periods 
of sexual rest are among the factors that may temporarily increase the 
number of abnormal spermatozoa. 

Semen samples collected after prolonged periods of sexual rest should 
not be used for the diagnosis of fertility. Spermatozoa that are not 
ejaculated tend to become senescent and are eventually broken down 
and resorbed. This fact often accounts for the failure of males to settle 
the first females to*which they are bred at the beginning of the breeding 
season, and must be taken into account in the estimation of fertility. 

A few years ago a study of morphology was considered essential in the 
evaluation of semen. More recently the emphasis has been on the 
physiologic measurement of semen quality. The determination of 
abnormal sperm forms will frequently distinguish between superior, ques¬ 
tionable, and inferior semen samples, but it has never been possible to 
predict relative fertility very closely. 

Differentiation of Live and Dead Spermatozoa. The relative numbers 
of live and dead spermatozoa can be estimated by the direct microscopic 
examination of fresh semen. This method is obviously subject to con¬ 
siderable human error. Staining methods which distinguish between 
live and dead sperm have been developed by Lasley, Mayer, and others 
at the University of Missouri and by Shaffer and Almquist at Pennsyl¬ 
vania State University. Erb el at. (1950), using the eosin-aniline blue 
technique of Shaffer and Almquist, found a correlation of +0.212 between 
live sperm and conception rate. This test, if used in conjunction with 
other measures of semen quality, is of some value in fertility prediction. 

pH of the Semen. The development of the glass-electrode pH meter, as 
well as a variety of special test papers for different pH ranges, makes 
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nossible the accurate measurement of hydrogen-ion concentration of 
semen Unfortunately this measurement is of little value m pract al 
*“en evaluation, since the pH range of semen does not ordmanly fluc- 

^plrityVSemen. Semen should be collected and maintained as free 
of microorganisms, cellular debris, dirt, blood cells, urine, or other foreign 
matter as is humanly possible. There would be no quicker waytospread 
genital diseases than by the use of semen containing such organisms. 
Many substances, such as red or white blood cells, urine, water, soap 
disinfectants, or secretions of the female genitalia, are eit er oxic 
spermatozoa or adversely affect their viability and should not contaminate 


Quantitative Metabolic Measurements. As described earlier, semen and 
spermatozoa carry on a highly complex metabolism. Although glucoly- 
siT fructolysis, oxygen consumption, and carbon dioxide and lactic-acid 
production can be accurately measured, these procedures remain of 
primary use to the research worker. In 1942-1943 Sorensen, and Beck 
and Salisbury developed the methylene-blue reduction test. This 
method depends upon the dehydrogenase production of sperm and the 
loss of the deep-blue color of methylene blue when two atoms of hydrogen 
are added. Semen samples containing large numbers of motile sperm 
reduce a measured amount of methylene-blue more rapidly than poorer 
semen, but this test also has limited practical application. Erb et al. 
(1950), using another dye, resazurin, obtained a correlation of resazurin 
reduction time and fertilizing capacity of “0 517 provided sperm con- 
centration was adjusted to 750,000 per cubic millimeter. 

Combinations of Tests in Semen Evaluation. There is general agreement 
that no single laboratory test will accurately predict the fertilizing 
capacity of sperm. Erb et al. (1950) made an extensive study of the 
correlation of single semen tests and combinations of semen tests with 
actual fertility. A total of 978 dairy-bull semen samples and 31,658 
actual inseminations was used in the investigation. 

With bulls of normal breeding efficiency there were no significant 
correlations between 60-to-90-day nonreturn rate and initial sperm 
motility, motility after 30 minutes’ incubation at 45°C., decline in motil¬ 
ity during 30-minute incubation at 45°C., concentration of sperm, initial 
pH, and decline in pH during incubation. Initial motility, concentration, 
methylene-blue and resazurin reduction times, and decline in pH during 
incubation were more closely correlated with one another than with 
actual fertilizing capacity. The maintenance of motility during storage 
for 6 days following collection tended to show that semen capable of 
maintaining good motility during storage also showed superior fertilizing 
capacity. The percentage of live sperm determined by the eosin-aniline 
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blue staining technique was also significantly correlated with conception 
rate. 

If bulls of low fertility had been included, it is reasonable to expect that 
the differences would have been greater. In summary, we can expect to 
distinguish between sterile males, males of low fertility, and males of 
superior fertility, but we cannot yet predict actual conception rate with a 
high degree of accuracy among males of average or better-than-average 
fertility. 

Electrical Impedance of Semen. Rothschild (1949) found that the 
bands or waves which are visible in ram and bull semen under low-power 
magnification can be measured electrically by an impedance bridge and 
an oscilloscope. Changes in impedance correlated with sperm activity 
are indicated by the width of a line on the oscilloscope. Bishop el al. 
(1954) found a significant correlation between actual fertility of bulls and 
impedance-change frequency of their semen. 

Cummings (1954) compared the impedance test with a number of other 
laboratory tests and with nonreturn rate for over 35,000 first insemina¬ 
tions of dairy cows. Although he did not determine the coefficient of 
correlation between rate of impedance and conception rate, he concluded 
that this method is the best one yet devised for predicting the fertilizing 
capacity of semen. 

The Effects of Freezing upon Spermatozoa. It has long been known 
that some of the bacteria and viruses can be preserved for long periods of 
time when frozen at low temperatures and that some microorganisms can 
be preserved in a living condition when frozen and dried under vacuum. 
It is difficult to trace our knowledge of the effects of low temperatures on 
spermatozoa. It appears likely that Spallanzani, known also for being 
the first to record the successful accomplishment of artificial insemination 
in the bitch in 1780, was the first to recognize that cooling stallion sperm 
in snow produced immotility which was reversed when the semen was 
warmed. Several attempts to freeze sperm were made during the nine¬ 
teenth century, but not until the work of Jahnel (1938) with human sperm 
and that of Luyet and Hodapp (1938) with frog sperm were sperm solidly 
frozen and found capable of motility when thawed. Shettles (1940) 
reported motility in human sperm after storage at — 79°C. for 70 days, 
and ShafTner (1942) maintained motility in fowl sperm stored for 14 
months at — 79°C. In these and other studies reviewed by Mann (1954), 
the success of the freezing procedures was the resumption of sperm 
motility after thawing, but none was successful in producing fertilization 
with frozen sperm. 

In 1949 Polge, Smith, and Parkes discovered that if fowl sperm were 
frozen in a glycerol-containing medium, motility on thawing was similar 
to that before freezing. This knowledge was applied in a series of experi- 
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ments with bull sperm in which semen was frozen in a yolk-citratei buffer 
containing 10 per cent glycerol. The diluted -men was allow d to 
stand in the glycerol medium at a temperature of 5 C. for 12 to 20 
hours and was then frozen to -79*C. Semen processed m this manner 
remained capable of inducing pregnancy after as long as 20 ueeks o 
storage (the maximum time at the presentation of a report on the «ork 
hv Polge and Rowson, 1952). This work was reviewed by PolgejONW- 

Although considerable research has been carried out since 1952, tne 
exact nature of freezing damage, the mechanism of action of glycerol, the 
optimum diluting media, freezing temperatures and techniques, storage 
conditions, and the probable length of survival of frozen sperm are not 
too well understood. It has been theorized that the cellular damage 
produced by freezing is due either to the formation of ice crystals within 
the cell which disrupt the cell and cause its death or to the formation of 
ice outside the cell which punctures the cell wall or brings about damage 
through dehydration or other means. It has also been proposed that 
the more nearly instantaneously freezing is accomplished the less the cell 
damage, and that substances such as sugars, glycerol, gelatin, and albu¬ 
min protect against cellular damage due to crystal formation. An 
investigation of some of these theories was carried out by Sherman (1954) 
using human sperm. When glycerol-treated and untreated sperm were 
frozen at -70° to -196°C. extracellular ice was formed, but there was 
no evidence that it injured the sperm, and no intracellular ice was 
observed. Glycerol did modify the shape of the ice crystals by reduc¬ 
ing sharp edges, and it improved the survival of sperm. However, the 
slower the rate of freezing the greater the survival of sperm, even though 
slow freezing was accompanied by more irregularities in ice-crystal forma¬ 
tion. Sherman concluded that, regardless of the nature of glycerol action 
in human sperm, no more than 25 seconds' exposure to glycerol before 
freezing is necessary. 

Recent reports on optimum equilibration time for bull sperm in glycerol 
media prior to freezing vary from 6 hours (Miller and Van Demark, 1954), 
14.9 hours (Cragle and Myers, 1954) to 18 hours (Saroff and Mixner, 
1955). Since it may vary with each diluting and freezing medium, it 
cannot be said that optimum equilibration time has been established. 

Early investigations on freezing media showed that sulfanilamide 
should not be included in yolk-citrate diluters for freezing (Dunn el al., 
1953). Studies on the content of egg yolk and glycerol of egg yolk- 
citrate diluters by Saroff and Mixner (1955) showed that optimum sperm 
survival was obtained with 20 per cent egg yolk and 7 per cent glycerol. 
A parallel study by Cragle el al. (1955) showed that a freezing medium 
containing 2.9 per cent sodium citrate, 24 per cent egg yolk, and 7.6 per 
cent glycerol was optimum for sperm survival. O’Dell and Almquist 
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(1954) have found that sperm can also be frozen in a heated skimmilk- 
glycerol diluter. 

The actual freezing of diluted glycerol-equilibrated semen can be readily 
accomplished under laboratory conditions with a minimum of equip¬ 
ment. As described by Saroff and Mixner (1955), the diluted semen is 
sealed in pyrex ampules, frozen at the rate of 1°C. per minute in the 
temperature range of 5° to -15°C., at the rate of 3° or 4°C. per minute 
from -15° to -75°C. and stored at a temperature of at least -75°C. 
Cooling is brought about by adding chipped solid C0 2 to ethyl alcohol. 
The vials are stored in vacuum flasks containing alcohol and dry ice or 
in an alcohol bath in a dry-ice chest. Time-temperature conditions 
must be carefully controlled. 

There is little doubt that large-scale semen processing and distribution 
of frozen semen for practical use will require some modifications of the 
procedures discussed in this text, and extensive research in progress may 
change some of our current beliefs as to both the nature and the solution 
of the problem. 

Motility and Transport of the Ovum. As discussed in the first portion 
of this chapter, the ovum is in marked contrast to the sperm in that it 
has no power of independent movement. The ovum must, however, 
escape from the Graafian follicle at ovulation, enter the infundibulum, 
and descend into the Fallopian tube. After fertilization the zygote must 
pick a suitable site for implantation in either the uterine horns or the 
body of the uterus, depending on species characteristics. 

The ovum, either as a free cell or surrounded by cumulus cells, floats 
freely in the follicular fluid just prior to ovulation. When the wall of 
the follicle ruptures, the ovum leaves the follicle in the escaping follicular 
fluid. The infundibulum contains a number of projections or fingerlike 
structures called fimbria and numerous ciliated epithelial cells. The 
entire infundibulum is capable of considerable motion, and its contrac¬ 
tions in combination with the cilia move the ovum toward and into the 
Fallopian tube. Fertilization takes place in the Fallopian tubes within 
a few hours after ovulation. In most mammals the ova remain in the 
lower part of the Fallopian tube for 3 to 4 days and then descend into the 
uterus. Unfertilized ova are absorbed within the uterus. 

Survival of the Ovum following Ovulation. The interval of time during 
which the ovum is capable of fertilization following ovulation is even 
shorter than the survival of sperm in the female genitalia. Studies with 
laboratory animals have shown that with increasing time between ovula¬ 
tion and fertilization there is first a decrease in litter size; an increase in 
abnormal embryonic development, including fetal death and abortion; a 
decrease in fertility (conception rate); and eventually the egg becomes 
incapable of fertilization. In the guinea pig, for example, if fertilization 
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was delayed for 8 hours, development was affected. If fertilisation wm 

delayed for 20 hours, cleavage occurred but no norma young 

duced and after 32 hours the ova were incapable of fertilization and 
cleavage. On the basis of such laboratory experiments and the wtificia 
insendnation of animals at various intervals after ovulation, it appear 
that the ovum remains capable of fertilization and norma e ' 00 
for approximately 8 to 10 hours after ovulation. This know edgeis 
importance in determining the optimum time of service for each species. 
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K,o. 30. Superovulation in the rabbit. Ul.ru, of a rabbit 13 days after termination of treat¬ 
ment with gonadotropins; there were 33 placental sites, of winch ISconUmcd nonnalmn- 
bryos, 4 contained degenerate embryos, and the rest were empty. ( Courtesy of Dra. ( aaula. 
Warwick, and Murphree. UnittraUu of Wiaconain.) 


Superovulation. Following the discovery of ovarian regulation by the 
gonadotropic hormones numerous attempts to induce estrus and ovula¬ 
tion were made. It was found that in rats and mice appropriate gonado¬ 
tropic stimulation would produce unusually large numbers of ova— 
superovulation—and that larger-than-normal litters could occasionally 
be obtained. It was recognized that some of the eggs remained unfer¬ 
tilized and that embryonic mortality increased, but there was an over-all 
increase in fertility. 

As reviewed by Willett (1953), Casida el al. (1943-1944) were the first 
to produce superovulation in cattle and to study the development and 
survival of cattle and sheep ova following superovulation and fertilization. 
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In properly treated sheep up to 19 ova in varying stages of cleavage were 
recovered from a single ewe. In a group of 25 superovulated ewes killed 
at varying intervals it was found that at 2 to 5 days following insemina¬ 
tion there were 9.2 normal embryos per ewe, 3.4 normal embryos at 14 to 
27 days, and only an occasional normal embryo at 30 to 37 days of gesta¬ 
tion. No lambs were ever bom. 



Kio. 31. Twin fetuses recovered 40 day* after the trnn>fer of fertilized sheep ova to a second 
ewe. ( Coi,rtr*i / nf Dm. Caaula. Wanrick. awl Murphree, I'nicrraity of BT«con«tn. February, 
1942.) 

These and other studies raised important questions as to whether or not 
all superovulated ova are capable of fertilization and whether or not the 
failure of fertilized ova to develop normally is due to abnormalities of the 
ova or unfavorable uterine environment. As summarized by Willett 
(1953), some superovulated ova are incapable of fertilization, but those 
which are fertilized and cleave normally may develop if placed in a suit¬ 
able uterine environment. 

In the horse uterine environment is clearly optimum for a single fetus. 
Twins are seldom successfully raised; death of one or both foals is com¬ 
mon. Although twins occur once in every 50 to 60 births in dairy cattle, 
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the high incidence of the freemartin condition in twins of opposite sexes, 
Ihe increased mortality rate of the calves, and the tendency of cows which 
produce twins to have a lowered conception rate following twinning, al 
combine to make multiple births of questionable value m cattle produc¬ 
tion A technique for controlled twinning in sheep or the standardisation 
of litter size in swine would have theoretical merit, but thus far super¬ 
ovulation has been difficult to quantitate. 

Transplantation of Fertilized Ova. The outstanding success of the 
transfer of sperm to the female genitalia by instruments rather than by 
natural service has led to speculation in regard to the transfer of ova from 
one female to another. This idea, although not so old as artificial insem¬ 
ination, was rather well developed in the latter part of the nineteenth 
century. Between 1880 and 18<J7 European and British biologists suc¬ 
ceeded not only in the recovery of rabbit and guinea-pig ova but also in 
their fertilization outside the body and in the transfer of fertilized ova 
from one female rabbit to another. The problem involves the removal of 
fertilized ova from the female, processing and possibly storage of fertilized 
ova, and the placement of the ova in properly prepared female recipients. 
As reviewed by Willett (1953). egg transfer resulting in the production of 
young was first accomplished in sheep and goats by \\ anvick et al. (1934, 
1949), and in cattle by Willett et al. (1931, 1953). 

Ova have been recovered from cows by flushing the uterine horns by 
means of apparatus introduced through the cervix, but the greatest suc¬ 
cess has been by the direct flushing of the Fallopian tubes by laparotomy 
or following sacrifice of the female. If the chief advantage of egg transfer 
is the propagation of ova of superior females, sacrifice of the animal or 
exposure to radical surgery is a serious disadvantage. Ova, like sperm, 
are easily damaged by exposure to unfavorable conditions. Various 
types of physiologic saline solutions have been used for flushing ova, but 
of the media tried, the blood serum of the female from which the eggs are 
to be recovered has proved most compatible with the survival of the ova. 

It has been shown that unfertilized rabbit ova can be stored at 0° to 
10°C. for as long as 72 hours and still retain the ability of becoming 
fertilized. Fertilized rabbit ova have been stored for several days and 
remained capable of development when implanted in the uterus. C urrent 
work on the freezing of ova suggests that they may eventually lend them¬ 
selves to such procedures (Smith, 1933; Chang, 1953). 

Following recovery from the donor female the fertilized ova must be 
introduced into a properly prepared recipient female without damage to 
either the ova or the recipient. Since implantation requires a normally 
prepared uterus, it is necessary that the estrual cycles of both the donor 
and the recipient be synchronized. This is no problem in the rabbit, 
since ovulation and corpus luteum formation can be produced at will by 





86 


BREEDING AND IMPROVEMENT OP FARM ANIMALS 


copulation with the male. In farm animals this is a major problem unless 
large numbers of females are available. Alteration of the cycle with 
progesterone is possible, but predictability of results leaves much to be 
desired. Many attempts have been made to introduce fertilized ova into 
the uterine horns by the same techniques as are used for sperm. Unfor¬ 
tunately such methods have not been successful. In the three cases of 
successful egg transfer in cattle by Willett (1953) a single fertilized ovum 
was inserted at the tubo-uterine junction with a glass pipette following 
exposure of the uterus by laparotomy. The ova used were in the 8-, 10-, 
and 12 -cell stages. 

Synchronization of Insemination and Ovulation. In view of the 
limited survival of sperm after introduction into the female genitalia and 
the even shorter survival of the ovum after ovulation, it is apparent 
that many sterile matings could result from unfavorable breeding man¬ 
agement practices. In chickens and turkeys sperm survive for long 
periods of time, and flock-mating practices ensure excellent fertility 
provided adequate numbers of fertile males arfc used. In the horse, in 
which the period of estrus may extend for 6 or 7 days and ovulation occurs 
in the last 24 to 48 hours of heat, mating at the very outset of estrus can¬ 
not be expected to result in pregnancy. Each species has an optimum 
mating time. The mating times will be discussed in the chapter on 
Breeding Management Practices. 
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CHAPTER V 


PREGNANCY, PARTURITION, AND LACTATION 


From a technical standpoint, pregnancy begins when the ovum, or ova, 
and spermatozoa unite to form the single-celled zygote. From a prac¬ 
tical standpoint, the formation of the zygote is of little value unless it is 
followed by normal embryonic and fetal development and the birth of 
normal young capable of survival. In mammals pregnancy is accom¬ 
panied by mammary development, and milk secretion follows parturition. 

Fertilization. Fertilization may be defined as the union of the male and 
female gametes. There are several distinct steps in the process of 
fertilization: (1) insemination, the deposition of sperm in the female 
genital organs by either natural or artificial means; (2) the transport or 
travel of sperm from the insemination site to the ovarian end of the 
Fallopian tubes; (3) ovulation; (4) penetration of the ovum by a sperm; 
and (5) the union of the male and female pronuclei, forming the single 
nucleus of the zygote and restoring the species number of chromosomes. 

It is clearly established that only one sperm participates in the last 
stage of fertilization, the union of the male and female pronuclei. Many 
philosophical explanations have been given, and many physiological 
studies made, to explain the tremendous difference in numbers of gametes 
contributed by the sexes. Perhaps the best reason for the ejaculation of 
millions or billions of sperm is that most of the sperm never reach the 
immediate vicinity of the egg. The ovum, upon recovery from the 
ovarian end of the Fallopian tube, is usually surrounded by a few hundred 
or, at most, one or two thousand sperm. It has been proposed that a 
minimum number of spermatozoa are required to bring about certain 
biochemical changes in or near the ovum to permit penetration by sperm. 
In some species, e.g., the rabbit, the ovum is surrounded by a mucus clot 
and cumulus cells following ovulation. It has been shown that the dis¬ 
persal of these materials can be hastened by the enzyme hyaluronidase 
and that sperm contain appreciable amounts of this enzyme. However, 
it has been shown also that rabbit sperm may penetrate the ovum before 
the dispersal of the cumulus mass. Present evidence suggests that the 
hyaluronidase of individual sperm may facilitate their penetrating powers, 
but there is doubt as to whether or not a certain number of sperm are 
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necessary to provide a minimum amount of hyaluronidase through mass 

not known why a particular sperm effects fertilisation or why the 
ovum is penetrated at the particular place the sperm selects. It t a 
once thought that the penetration of the egg wall by a sperm prevented 
penetration by others Present evidence indicates that ,n the case of 
the rat many ova are penetrated by 1 to 5 sperm but that only one sperm 
^tuaU> fertilises the ovum. The other sperm are called supernumerary 

sperm. 



body 


piece 


Fio. 32. A rare photomicrograph of the early fertilization process in the rnt taken with the 
phaso microscope. ( Courtesy of Dr. Richard J. Blnndau. University of Washington, School 
of Medicine.) 


Ova which have descended into the Fallopian tubes have a very short 
period of fertilizability. The nature of the changes which occur is largely 
unknown, but in guinea pigs and rats, with increasing time following 
ovulation, litter size decreases, the rate of embryonic abnormalities 
increases, and complete infertility eventually occurs. In these animals 
definite degenerative changes of the ovum occur in 6 to 12 hours. In 
practical livestock breeding it is desirable that fresh sperm be present in 
the Fallopian tubes at the time of ovulation in order to ensure that 
fertilization will occur within a few hours following ovulation. 

Cleavage of Ova. It was once commonly believed that in the higher 
vertebrates cell division of the ovum indicated that fertilization had 
taken place. We now know that limited cleavage of unfertilized ova is 
not uncommon. The treatment of ova with certain chemical or physical 
stimuli increases the incidence of cleavage. The dividing cells (blasto- 
meres) of unfertilized ova are usually atypical, and degeneration eventu- 
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ally takes place. The production of complete parthenogenesis in the 
rabbit by Pincus (1939) was long regarded as a biological curiosity. 
Recent work by Olsen et al. (1953-1954) has shown that in turkeys 
parthenogenesis is not uncommon and that it may have a heritable basis. 
Most parthenogenetic turkey poults have died prior to the normal time 
of hatching. A few have hatched and lived for a time but to date none 
have lived to maturity. 


Fio. 88. Embryonic calf at the two-cell stage. (Courtesy Bureau of Dairy Induutry, U.S 
Department of Agriculture, and Carneoie Inttilution of Washington.) 

Cleavage is completed with the formation of the blastocyst. The 
blastocyst is essentially a sphere of cells surrounding a central cavity and 
containing an inner mass of cells at one pole of the sphere. The outer 
wall of the blastocyst is called the trophoblast and will later contact the 
wall of the uterus and participate in the nutrition of the embryo. The 
inner cell mass will participate in the formation of the embryo proper. 
The blastocyst stage is reached in from 70 to 96 hours in the rabbit, rat, 
and mouse, and may require from 100 to 200 hours in cattle, sheep, and 
swine. 

Formation of the Embryo. One of the more important stages of embry¬ 
onic development is the formation of the primary germ layers: the ecto¬ 
derm, mesoderm, and entoderm. The germ layers differentiate into 
special tissues, such as epithelial cells, nerve cells, and connective tissue, 
and these tissues multiply and associate in the formation of the various 
organs of the body. All embryos, whether bird, mammal, or some lower 



PREGNANCY, PARTURITION, AND LACTATION 


form follow the same general pattern of organization. The nervous 
tissues derived from the ectoderm, give rise to the brain, spinal cord, and 
the various nerves. The entoderm is the origin of the gut and its asso¬ 
ciated digestive glands and the respiratory traet 1 he heart, circulatory 
system, the kidneys, genital organs, and supporting structures, such as 
cartilage, bone, and connective tissue, and the various types of muscle 



Fig. 34. Stages in the implantation of the guinea-pig ovum. I. Note bipolarity of the 
ovum and beginning of attachment to the uterine epithelium. 2. Observe loss of nuclei iu 
the uterine epithelium. 3. Implantation approximately one-half completed. 4. Implan¬ 
tation almost completed. (Courtesy of Dr. Richard J. Blandau, University of Washington, 
School of Medicine.) 


are derived from the mesoderm. The embryonic period is completed 
when the various organ systems have been developed and general body 
form is recognizable. This requires about 35 days in sheep, 45 days in 
cattle, and about one month in swine. 

Implantation. The penetration of the uterine mucosa by the tropho- 
blast and the firm attachment of the embryo to the uterine lining is called 
implantation. There has been a general belief that implantation occurs 
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very early in embryonic development. In recent years some of our ideas 
have been considerably modified. In the mare attachment of the fetal 
membranes takes place on about the 45th day of pregnancy, and in cattle 
attachment begins about the 35th day. As described above, considerable 
embryonic development has occurred before the placenta has become 



FlO. 35. Fetal membranes and cnlf fetus at the 90th day of gestation. (Courtesy of Dairy 
Breeding Research Center, the Pennsylvania State University.) 

attached. During cleavage the cells undoubtedly utilize some of the 
original nutrients in the zygote, but the bulk of the processes of nutrition 
and excretion prior to attachment of the placenta must depend upon 
absorption from the uterine secretions and the elimination of any waste 
products of metabolism by the uterine secretions. 

The Fetal Membranes. The fetal membranes of all the farm animals 
are made up of the yolk sac, amnion, allantois, chorion, and umbilical 
cord. 
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Fio. 3G. Twin calf fetuses at the lOGth day of gestation. 
Research Center, the Pennsylvania State University.) 


gut. It is associated with the chorion in forming the fetal placenta. 
The chorion is the outer sac or membrane surrounding the early embryo. 

The umbilical cord joins the body of the embryo to the fetal membranes. 
It is made up of the stalk of the yolk sac, the stalk of the allantois, and 
the umbilical vein and artery. 

The placenta is composed of structures associated with both the embryo 
and the uterus. These are sometimes called the fetal placenta and the 
maternal placenta. The fetal portion is composed of the chorion and the 
allantois which fuses with it; the lining of the uterus is modified during 
early pregnancy, and this modified portion which is in contact with the 
chorion is called the maternal placenta. There are several distinct types 
of placenta. In swine and the horse small villi are scattered over the 
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entire chorion. These villi contact the uterine mucosa, forming what 
is called the diffuse placenta. In cattle and sheep the chorion contacts 
the uterine mucosa only at definite areas. These areas are called coty¬ 
ledons, from 70 to 130 in sheep and cattle, and are made up of groups of 
villi. The dog has a zonary type of placentation in which the chorion 
has a central band, or zone, which is in contact with the uterus. The 
most specialized type of placentation occurs in man. In the human the 
chorionic villi develop in one area, forming a disklike structure. These 



Fio. 37. Pregnant uterus with cotyledons. A, uterus; BB. maternal cotyledon; C, coty¬ 
ledonary processes. D. fetal cotyledon. E. chorion. (From V.S. Department of Agriculture. 
Diseases of Cattle.) 


villi burrow deeply into the uterine mucosa, forming a very firm attach¬ 
ment. This type of placenta is called discoidal. 

The placenta has a nutritional and an excretory function, and in some 
species it has an important endocrine function. The various nutrients 
and the oxygen present in the blood stream of the pregnant female trans¬ 
fuse through the various placental cell boundaries and enter the blood 
stream of the embryo or fetus. Blood cells themselves do not pass these 
placental boundaries unless the placenta is injured. The embryo forms 
its own circulatory system and blood cells, and actually has none of its 
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"e carrtd ti the placenta in the fetal blood stream and transfuse across 
the placental walls into placenta of the pregnant 

[I",*’ ".ropi,, decline »pid.y- The nmee.'£>£»”£? 
rontains increasing amounts of estrogens beginning about the 100th day, 
and these""trogens continue to be excreted in the urine until parturition. 

The placental gonadotropins of the mare produce effects rather simi ar 
to those produced by the hormone secreted by the pituitary. The p 
cental gonadotropins are often called chorionic gonadotropins or pregnant 
mare's serum (PMS). They are actually secreted by the endometrialcups 
of the placenta. PMS usually contains considerably more follicle-stimu¬ 
lating activity (FSH) than luteinizing activity (LH), but it will cause 

both follicular growth and ovulation. ...... 

The estrogens produced by the placenta of the mare are eliminated in 
the urine. Chemically they differ somewhat from those secreted by the 
ovary, but they produce the same physiologic effects. 

There is evidence that the placenta of the mare also produces progester¬ 
one In most species progesterone is secreted by the corpus luteum dur¬ 
ing pregnancy, and interference with this function may cause abortion. 
In the mare the ovaries can be removed early in pregnancy without 
affecting the course of gestation. In cattle especially, removal of the 
ovaries or interference with corpus luteum function during pregnancy 


usually results in abortion. 

In the human the placenta produces large quantities of gonadotropins 
from about the 3d until the 9th week of pregnancy and low levels until 
term. Unlike the mare, human chorionic gonadotropins are excreted 
in the urine. They are primarily luteinizing in effect but may stimulate 
the pituitaries of animals injected with them to produce FSH. Estrogens 
are present in the urine of pregnant women in the early weeks of preg¬ 
nancy and rise to appreciable levels from the 3d month until term. 

Pregnancy Diagnosis. The importance of knowing whether or not 
pregnancy has been established cannot be overemphasized. The cessa¬ 
tion of the heat periods is nature’s first indication that conception has 
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occurred. Pregnant animals fail to come in estrus because of the per¬ 
sistence of the corpus luteum of pregnancy and its inhibition of follicular 
development. In most instances the failure of estrus to reappear is a 
reasonably reliable sign of pregnancy. However, there are sufficient 
exceptions to this rule to make it unreliable for maximum livestock¬ 
breeding efficiency. In seasonal breeders the absence of heat may indi¬ 
cate that the ovaries have become quiescent. This is the rule in sheep, 
and it occurs in other farm animals, particularly in the mare. 

In species in which manual examination or palpation of the uterus can 
be made, as in the cow and the mare, a trained person can diagnose preg¬ 
nancy with a high degree of accuracy by the 2d month of gestation. 
Application of this method depends upon the recognition of changes in 
tone, size, and location of the uterine horns and changes in the uterine 
arteries. At the 40th day of gestation the gravid uterine horn will be 
distended by the developing embryo and fluid-filled fetal membranes. 
By the 60th day the uterus is well rounded, distended, and thin-walled, 
and the arteries of the pregnant horn have increased in size and blood 
flow. After 10 weeks the increasing uterine size and weight tend to 
flatten the uterus and it begins to descend ventrally into the abdominal 
cavity. Other indications of pregnancy, such as the cervical seal, fetal 
movements, increased size of the female, or the tendency of pregnant 
animals to become quiet and to fatten, are either unreliable or require the 
passage of considerable time before they are useful. 

Numerous laboratory tests have been devised for the determination of 
pregnancy. They are based on the different levels of hormones found in 
the blood and urine of pregnant females. In the human the Friedman 
modification of the Ascheim-Zondek test is most generally used. It is 
based on the greatly increased amount of gonadotropins found in the 
urine of pregnant women. The procedure consists of injecting 7 to 10 cc. 
of morning urine into a mature female rabbit’s ear veins at two 12-to- 
1.5-hour intervals. The rabbit is killed at the end of 48 hours and the 
ovaries are removed for examination. The presence of subserous hemor¬ 
rhagic areas or corpora lutea constitutes a positive reaction, whereas 
clear retention follicles with no hemorrhagic areas are signs of a negative 
reaction. This test is positive, in cases of pregnancy, 3 or 4 days after 
the expected date of the first missed menstrual period. Other tests 
which have been gaining in popularity because of rapid response utilize 
male and female frogs. The injection of human pregnancy urine into 
the dorsal lymph sac of the female frog results in ovulation within 8 hours. 
The injection of pregnancy urine into the male causes the elimination of 
sperm within 3 hours. 

In the mare pregnancy may be detected from the 40th to 100th days 
of gestation by the injection of the mare’s serum into immature female 
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glands These phenomena are observed in several species in the absence 
of pregnancy. In the rabbit, cat, and ferret ovulation is norm, depend- 
ent on copulation. In these species, following mating with a stenlc male 
or mechanical stimulation of the cervix, pseudopregnancy is characteris¬ 
tic; ovulation, development of the corpora lutea, proliferation of the 
endometrium, and mammary growth occur. In other words the rep o- 
ductive and mammary systems assume that pregnancy has been estab¬ 
lished. In these three species pseudopregnancy lasts for about half the 
normal gestation period. In the bitch estrus is followed by a long period 
of time during which corpora lutea persist. This occurs whether or not 
copulation takes place. There is extensive mammary development, and 
from external manifestations the animal may appear to be pregnant. 
Pseudopregnancy in the dog extends for a period of time equal to normal 
gestation and is frequently followed by lactation. Milk production does 
not persist, however, unless suckling occurs. 

Pseudopregnancy of the above types does not occur in farm animals. 
It may be, however, that future studies will show that some of the neuro¬ 
genic factors which influence reproductive cycles have some resemblances 
to pseudopregnancy. The work of Nalbandov et al. (1955) on the altera¬ 
tion of the estrual cycle of sheep by mechanical distention of the uterus 
suggests that we still have much to learn about the regulation of the 
reproductive cycles. 

MAMMARY DEVELOPMENT 


The mammary glands are an integral part of the female reproductive 
system. The normal development of the mammae is associated with 
sexual maturity, and in most species complete development requires the 
establishment of pregnancy. The development of the mammary system 
is therefore closely associated with the hormones of reproduction. 
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Embryological and Fetal Development. The mammary glands are 
generally regarded as modified sweat glands. They originate as integu¬ 
mentary ingrowths in both sexes, but as fetal development progresses the 
rate of mammary differentiation is more rapid in the female. In cattle 
the first evidence of mammary development is the appearance of a band 
of cells on the ventral surface of the embryo posterior to the umbilicus. 
The single band of cells soon divides into two parallel bands, and on each 
band two budlike areas of cells appear. Each mammary bud undergoes 
rapid growth and soon differentiates into a teat. In cattle there are 
ordinarily four mammary glands and four functional teats. In other 
species the number of teats and glands characteristic of the animal is 
proliferated along the mammary bands. The outstanding features of 
fetal development are the development of a canal in the teat (the teat 
cistern), a larger cavity at the base of the teat (the gland cistern), and a 
few ducts leading away from the gland cistern. These structures will 
later give rise to the duct system of the udder. 

Prepubertal Development. The functional mammary gland will con¬ 
tain connective tissue, fat, a duct system, a lobule-alveolar system, and 
large numbers of blood and lymph vessels, nerves, and smooth-muscle 
cells. The period from birth to puberty is chiefly a period of increased 
connective tissue and fat deposition. The udder does increase somewhat 
in size, and there is a suggestion as to its future shape, but the amount 
of duct growth is very limited. In dairy cattle Swett and Matthews 
(1935, 1942) reported that there is greater duct growth in calves which 
later prove to be high producers than there is in low producers. How¬ 
ever, the limitations of a gross examination for the estimation of future 
microscopic changes make it difficult to estimate the probable eventual 
output of the mammary glands. 

Postpubertal Development. There are marked species differences in 
the extent of mammary development of the sexually mature but non- 
pregnant female. Such factors as length of the estrual cycle, function of 
the corpus luteum, and seasonal breeding patterns all contribute to the 
differences. In the mouse, which has a cycle of 4 to 6 days, there is 
marked duct growth until about 70 days of age but little further duct 
growth from 70 to 100 days unless pregnancy is established. In the cow, 
which has an estrual cycle of 18 to 21 days, development of the duct 
system begins at puberty and continues more or less rhythmically during 
successive cycles prior to conception. 

Mammary Changes during Pregnancy. In most mammals the first 
half of pregnancy is devoted to the completion of the mammary-duct 
system and the proliferation, at the extremities of the ducts, of the 
lobule-alveolar system. The chief purpose of the ducts is to transport 
the milk. The true secretory function of the udder is carried on by the 
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Fiu. 38. Mammary a.imula.ion of a virgin gilt after 3 weeks' treatment with stilbestrol 
resembles that of mid-pregnancy. 


does not increase in size noticeably until the latter part of pregnancy led 
to the ancient belief that maximum mammary growth occurred just 
before parturition. It is now clear that cellular proliferation charac¬ 
terizes the first part of gestation and cellular hypertrophy and secretion 
the latter part. 

Abortion or proper mechanical stimulation of the udder is usually 
followed by milk secretion after the middle of pregnancy. The failure 
of animals to reach high levels of production in such cases is probably 
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attributable to insufficient hormonal stimulation for secretion rather 
than to incomplete anatomical development of the gland. 

Mammary Involution. Although the udder is regarded as a highly 
efficient organ, it does not function at maximum capacity for long. 
This would be explained in nature on the basis of the decreasing needs 
of the young. By selection the cow has achieved a level of secretion far 
in excess of the calf’s requirements. The decline in secretion as lactation 
progresses is the result of wear and tear on the mammary system (involu¬ 
tion) and changes in hormonal and nutritional relationships. In fact, 
anything that affects the well-being of the cow will be reflected in mam¬ 
mary performance. As lactation progresses the numbers of actively 
secreting epithelial cells and their degree of activity decline. The micro¬ 
scopic appearance of the udder of the dry, nonpregnant cow is very 
similar to that of the virgin. The reestablishment of pregnancy is 
necessary to stimulate both mammary growth and secretion in such an 
individual. 

Endocrine Regulation of Mammary Development. There is rather 
general agreement as to the cellular changes which occur as the mammary 
glands develop. It is true that there are wide species differences in the 
rate and type of development, but competent anatomists agree as to the 
structures which are present at particular times in the various species. 
However, there arc few body systems whose functions have been explained 
by as many different theories as the mammary glands. 

During the nineteenth century, when the nervous system was recog¬ 
nized as the chief coordinating mechanism of the body, it was believed 
that both the development and the function of the mammary glands were 
under nervous control and that there were nervous pathways between 
the uterus and the mammary glands. This was disproved by such pro¬ 
cedures as the severance of the central or peripheral nerves and finally 
by the grafting of mammary tissue to other parts of the body. The 
development and function of such grafts clearly showed that the nervous 
system was not a primary regulator of the mammae. 

It had long been known that in most species sexual maturity is followed 
by some mammary growth and that final development and milk secretion 
are dependent upon pregnancy and parturition. The discovery that 
the ovary was both an endocrine and a gametogenic organ soon led to 
the conclusion that the mammary glands were under endocrine control. 
The exact nature of the endocrine mechanisms involved is not yet com¬ 
pletely agreed upon. 

As cited by Trentin and Turner (1948), Allen el al ., Laqueur et al. t 
Turner and Frank showed that the estrogenic hormone prepared from 
follicular fluid would cause development of the mammary-duct system. 
It was then found that corpus luteum extracts in combination with 
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accounted for by the secretion of the mammogemc duct-growth factor 
and in which lobule-alveolar development was attributed to a second 
anterior pituitary mammogenic hormone (Gomez and Turner, 1938b 
In recent years the accessibility of large quant,ties of crystalline estrOK 

gens and progesterone has increased our know edge concerning her role 

in mammary development and lactation. In the guinea pig,.goat, 
human, and monkey, estrogen alone tends to induce duct and lobule- 
alveolar growth. The oral or subcutaneous administration of diethyl- 
stilbestrol, hexestrol, dienestrol, and certain estrogens of plant origin 
may cause extensive mammary development and secretion in cattle, 
sheep, and swine. In some cattle diethylstilbestrol alone or estrogen 
plus progesterone may bring about mammary growth and a high love 
of milk production in virgin or sterile cows. 

Because of the difficulty of purifying and assaying the various pitui¬ 
tary hormones there is little recent evidence that the mammogenic hor¬ 
mones, rather than estrogens and progesterone, condition mammary 
development. Until these substances can be purified and more ade¬ 
quately tested the bulk of the evidence available indicates that the 
ovarian hormones play a direct part in mammary growth. 


PARTURITION 

Place of Parturition. The construction and operation of adequate 
facilities for calving, farrowing, lambing, or foaling are problems for the 
farm manager. Some of the problems, however, do have a physiologic 
basis which should be understood. The basic requirements of the par¬ 
turition place are that it can be convenient for the herdsman and that it 
provide maximum safety for the dam and offspring. Freedom from 
disease is of primary importance. In good weather cows, mares, and 
ewes can safely drop their young while on pasture rather than in a barn 
or barnyard. If a central barn is used, the pens should be thoroughly 
cleaned between use by different animals. Until proved otherwise, all 
abortions should be regarded as being due to a possible infectious cause. 
The aborted fetus and membranes should be burned or buried, and all 
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equipment should be disinfected. Isolation is still the most effective 
means of preventing the spread of disease, and animals suspected of 
having genital or other diseases should be separated. 

Stalls for cattle or sheep need not be elaborate nor be heated. If they 
are dry and protected from the wind, healthy young will survive even 
at low temperatures. 

The heavy death losses which occur in swine at or following parturition 
have focused the attention of swine producers and research workers on 
this problem. Surveys of swine losses on corn-belt farms have shown 
that at least 20 to 30 per cent of all pigs which are farrowed are dead or 
die within the first few days of life. Some of these losses are due to 
nutritional deficiencies during gestation; others may have genetic, 
physiologic, or pathologic causes; and still others may be due to injury 
or to chilling of the pigs. In an effort to reduce these losses many 
innovations have been introduced to assist parturition in the sow. Most 
farrowing pens have guard rails about 8 inches from the wall and 8 inches 
from the floor to prevent the sow from crushing her pigs against the wall. 
Concrete floors, unless well insulated or heated, are usually best covered 
with planks, or a plank platform is provided for the sow. One of the 
most effective methods of reducing losses due to chilling and crushing is 
to provide heated brooders or hovers in one corner of the pen. This not 
only prevents chilling but also provides a safe place for the pigs to lie 
when they are not suckling. The heat lamps, which are produced by 
several electrical manufacturers, provide a cheap but satisfactory source 
of heat for such brooders. 

The farrowing crate is widely used in specialized swine areas. There 
are innumerable modifications of the original farrowing crate, which was 
developed on the premise that limiting the activity of the sow to a small 
area, while providing adjacent safe areas for the pigs, would reduce losses 
due to crushing. This system has proved highly practical. It is 
economical of space and labor, and effectively reduces injuries to the 
young pigs. In extreme weather a heat lamp can be suspended over the 
sow during farrowing and a lamp over the pig area following farrowing. 
The heat lamp not only warms the pigs but also distracts them from the 
sow except when suckling. 

Length of Gestation. For maximum reproductive efficiency it is 
essential that the time of mating, length of gestation, and approximate 
day of parturition be known. Under range or pasture breeding systems 
it is difficult to obtain accurate records of breeding dates. Under these 
systems of management the females often have their young on pasture 
during a favorable season of the year, and knowing the day of parturition 
is not of great importance. This system makes maximum use of land 
and labor, and works well except in the case of complicated parturition. 
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Under farm conditions where parturition occurs during the winter 
months it is desirable to know when to expect birth. hich 

There are many standard gestation tables, similar to Ta » 
a Jstt predicting the date of birth. Individual ammaU may deviate 

widely from the average gestation period for the specl ® s ’ 
some variations between breeds or even within lines of a breed. 

In sheep studies of various breeds in different parts of the world h 
shmvnS mutton breeds tend to have gestation periods about four days 
shorter than those of the fine-wool breeds. A comparison of our breeds 
at the U.S. Sheep Experiment Station by Terrill el al. (1947) showed 
that Rambouillets averaged 151.4 days, Corriedales and Targhees 149.5 

davs and Columbia sheep 148.4 days. . , 

Br'akel el al. (1952) reviewed more than 60 studies which have b 
madTwith*cattle. Calves born after 242 to 313 days of gestation have 
been known to survive. Brown Swiss cows tend to have the longest 
gestation, 289 days. Angus tend to have shorter periods than Hercfords ’ 
approximately 281 days and 285 days, respectively. Except in the case 
of Brown Swiss the gestation periods of dairy breeds are very similar, 
being about 280 to 281 days. Brakel el al. (1952) concluded that cows 
calving in the spring have gestation periods about two days longer than 
those calving in the fall; that males were in utero about 0.77 days longer 
than females; that if the dam had a longer-than-average gestation period, 
her daughters might also; and that cows more than five years of age had 
longer periods than two-year-olds. 

Physiologic Regulation of Parturition. Why parturition occurs at the 
moment it does remains one of nature’s yet-unexplained mysteries. 
Many theories have been developed, but it is still impossible to induce 
parturition at will in farm mammals. It is obvious that the survival 
of the newborn does not depend upon birth at a particular moment. In 
the human, for example, viable births have occurred following gestation 


periods of from 220 to 330 days. 

The relative distention of the uterus, pressure of the fetus on the 
cervix, stimulation of the cervical ganglia, and changes in endocrine 
balance may all contribute to the termination of pregnancy. In recent 
years there has been increasing evidence that the hormonal relationships 
are the determining factor, but endocrinologists agree that much is yet 
to be learned about this process. Estrogen, progesterone, relaxin, and 
the posterior pituitary oxytocic factor appear to be the chief hormones 
involved. During early pregnancy estrogen is concerned with the 
increase in size and numbers of cells in the uterine lining and muscle 
layers. Since the uterus must be relatively quiescent during pregnancy 
lest premature emptying take place, it seems logical to conclude that 
progesterone is necessary for endometrial development and the inhibition 
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Table 5. Gestation Table 


Date bred 

Mare 

336 days 

Cow 

281 days 

Sow 

114 days 

Ewe 

147 days 

Jan. 

1 

Dec. 

3 

Oct. 

9 

Apr. 25 

May 28 

Jan. 

6 

Dec. 

8 

Oct. 

14 

Apr. 30 

June 2 

Jan. 

11 

Dec. 

13 

Oct. 

19 

May 5 

June 7 

Jan. 

16 

Dec. 

18 

Oct. 

24 

May 10 

June 12 

Jan. 

21 

Dec. 

23 

Oct. 

29 

May 15 

June 17 

Jan. 

26 

Dec. 

28 

Nov. 

3 

May 20 

June 22 

Jan. 

31 

Jan. 

2 

Nov. 

8 

May 25 

June 27 

Feb. 

5 

Jan. 

7 

Nov. 

13 

May 30 

July 2 

Feb. 

10 

Jan. 

12 

Nov. 

18 

June 4 

July 7 

Feb. 

15 

Jan. 

17 

Nov. 

23 

June 9 

July 12 

Feb. 

20 

Jan. 

22 

Nov. 

28 

June 14 

July 17 

Feb. 

25 

Jan. 

27 

Dec. 

3 

June 19 

July 23 

Mar. 

2 

Feb. 

1 

Dec. 

8 

June 24 

July 27 

Mar. 

7 

Feb. 

6 

Dec. 

13 

June 29 

Aug. 1 

Mar. 

12 

Feb. 

11 

Dec. 

18 

July 4 

Aug. 6 

Mar. 

17 

Feb. 

16 

Dec. 

23 

July 9 

Aug. 11 

Mar. 

22 

Feb. 

21 

Dec. 

28 

July 14 

Aug. 16 

Mar. 

27 

Feb. 

26 

Jan. 

2 

July 19 

Aug. 21 

Apr. 

1 

Mar. 

3 

Jan. 

7 

July 24 

Ksag 

Apr. 

6 

Mar. 

8 

Jan. 

12 

July 29 


Apr. 

11 

Mar. 

13 

Jan. 

17 

Aug. 3 

Sept. 5 

Apr. 

16 

Mar. 

18 

Jan. 

22 

Aug. 8 

Sept. 10 

Apr. 

21 

Mar. 

23 

Jan. 

27 

Aug. 13 


Apr. 

26 

Mar. 

28 

Feb. 

1 

Aug. 17 


May 

1 

Apr. 

2 

Feb. 

6 

Aug. 23 

Sept. 25 

May 

6 

Apr. 

7 

Feb. 

11 

Aug. 28 

Sept. 30 

May 

11 

Apr. 

12 

Feb. 

16 

Sept. 2 

Oct. 5 

May 

16 

Apr. 

17 

Feb. 

21 

Sept. 7 

Oct. 10 

May 

21 

Apr. 

22 

Feb. 

26 

Sept. 12 

Oct. 15 

May 

26 

Apr. 

27 

Mar. 

3 

Sept. 17 

Oct. 20 

May 

31 

May 

2 

Mar. 

8 

Sept. 22 

Oct. 25 

June 

5 

May 

7 

Mar. 

13 

Sept. 27 

Oct. 30 

June 

10 

May 

12 

Mar. 

18 

Oct. 2 

Nov. 4 

June 

15 

May 

17 

Mar. 

23 

Oct. 7 

Nov. 9 

June 

20 

May 

22 

Mar. 

28 

Oct. 12 

Nov. 14 

June 

25 

May 

27 

Apr. 

2 

Oct. 17 

Nov. 19 

June 

30 

June 

1 

Apr. 

7 

Oct. 22 

Nov. 24 

July 

5 

June 

6 

Apr. 

12 

Oct. 27 

Nov. 29 

July 


June 

11 

Apr. 

17 

Nov. 1 

Dec. 4 

July 

15 

June 

16 

Apr. 

22 

Nov. 6 

Dec. 9 

July 


e_ 

e 

p 

CO 

21 

Apr. 

27 

Nov. 11 

Dec. 14 

July 

25 

June 

26 

May 

2 

Nov. 16 

Dec. 19 

July 


July 

1 

May 

7 

Nov. 21 

Dec. 24 

Aug. 

4 

July 

6 

May 

12 

Nov. 26 

Dec. 29 

Aug. 

9 

July 

11 

May 

17 

Nov. 31 

Jan. 3 

Aug. 

14 

July 

16 

May 

22 

Dec. 6 

Jan. 8 
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Table 5. Gestation Table ( Continued ) 




Mare 

Cow 

Sow 

Ewe 

Date bred 

336 days 

281 days 

114 days 

147 days 

Aug. 

19 

July 

21 

May 

27 

Dec. 

11 

Jan. 

13 

Aug. 

24 

July 

26 

June 

1 

Dec. 

16 

Jan. 

18 

Aug. 

29 

July 

31 

June 

6 

Dec. 

21 

Jan. 

23 

Sept. 

3 

Aug. 

5 

June 

11 

Dec. 

26 

Jan. 

28 

Sept. 

8 

Aug. 

10 

June 

16 

Dec. 

31 

Feb. 

2 

Sept. 

13 

Aug. 

15 

June 

21 

Jan. 

5 

Feb. 

7 

Sept. 

18 

Aug. 

20 

June 

26 

Jan. 

10 

Feb. 

12 

Sept. 

23 

Aug. 

25 

July 

1 

Jan. 

15 

Feb. 

17 

Sept. 

28 

Aug. 

30 

July 

6 

Jan. 

20 

Feb. 

22 

Oct. 

3 

Sept. 

4 

July 

11 

Jan. 

25 

Feb. 

27 

Oct. 

8 

Sept. 

9 

July 

16 

Jan. 

30 

Mar. 

4 

Oct. 

13 

Sept. 

14 

July 

21 

Feb. 

4 

Mar. 

9 

Oct. 

18 

Sept. 

19 

July 

26 

Feb. 

9 

Mar. 

14 

Oct. 

23 

Sept. 

24 

July 

31 

Feb. 

14 

Mar. 

19 

Oct. 

28 

Sept. 

29 

Aug. 

5 

Feb. 

19 

Mar. 

24 

Nov. 

2 

Oct. 

4 

Aug. 

10 

Feb. 

24 

Mar. 

29 

Nov. 

7 

Oct. 

9 

Aug. 

15 

Mar. 

1 

Apr. 

3 

Nov. 

12 

Oct. 

14 

Aug. 

20 

Mar. 

6 

Apr. 

8 

Nov. 

17 

Oct. 

19 

Aug. 

25 

Mar. 

11 

Apr. 

13 

Nov. 

22 

Oct. 

24 

Aug. 

30 

Mar. 

16 

Apr. 

18 

Nov. 

27 

Oct. 

29 

Sept. 

4 

Mar. 

21 

Apr. 

23 

Dec. 

2 

Nov. 

3 

Sept. 

9 

Mar. 

26 

Apr. 

28 

Dec. 

7 

Nov. 

8 

Sept. 

14 

Mar. 

31 

May 

3 

Dec. 

12 

Nov. 

13 

Sept. 

19 

Apr. 

5 

May 

8 

Dec. 

17 

Nov. 

18 

Sept. 

24 

Apr. 

10 

May 

13 

Dec. 

22 

Nov. 

23 

Sept. 

29 

Apr. 

15 

May 

18 

Dec. 

27 

Nov. 

28 

Oct. 

4 

Apr. 

20 

May 

23 


of uterine contractions. The fact that pregnancy is usually terminated 
in the cow following removal of the corpus luteum lends support to this 
view. The uterine-muscle-stimulating factor of the posterior pituitary 
gland (oxytocic principle) readily increases uterine contractility under 
certain conditions, although there seems to be some doubt as to whether 
or not it is responsible for the initiation of uterine contractions at par¬ 
turition. Since it is known that estrogen sensitizes the uterine muscles 
to the oxytocic factor, it is not surprising that the following theory has 
developed: The increasing secretion of estrogen during the latter part of 
pregnancy, followed by a decline in progesterone secretion, culminates in 
vigorous uterine contractions induced by the posterior pituitary hormone. 

There is some evidence that the placenta itself may secrete the oxytocic 
principle in increasing amounts at the end of gestation and thus initiate 
parturition. 
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in 1926 Hisaw found that the blood serum of the pregnant rabbit would 
cause relaxation of the pelvic ligaments of virgin guinea pigs. The 
principle responsible for this reaction was later found in the blood of 
pregnant women, mares, and sows, and was extracted from the placenta 
and corpus luteum. This substance is called relaxin. Since relaxation 
of the pelvic region is characteristic of parturition, the possibility that 
this hormone has a vital role in the birth process should not be overlooked. 

Although it is true that pregnancy can be interrupted by a number of 
causes—including injury; mechanical stimulation of the cervix; vita- 
min-A deficiency; microorganisms, such as brucella, vibrio fetus, tricho- 
monads, and leptospira; removal of the corpus luteum; administration 
of estrogen, oxytocin, or ergot—the differences between species and 
individuals are so great that none of these causes can be utilized to pro¬ 
duce fetal expulsion or normal parturition in a predictable fashion. 

Signs of Parturition. There are both psychological and anatomical 
indications of approaching parturition. Many females appear increas¬ 
ingly nervous as parturition nears. Some, if on pasture, will leave the 
herd or flock, apparently seeking seclusion. Swine will attempt to make 
a nest if bedding is available. 

The most noticeable anatomic changes occur in the pelvic region and 
in the mammary gland. In mares and cows there is noticeable relaxation 
of the pelvic muscles and ligaments. The tail may rise, the flanks and 
croup take on a hollow appearance, and the fetus seems to drop ventrally 
in the abdomen. There is increased mammary secretion shortly prior 
to parturition. The udder becomes hard and congested and may be 
tender to the touch. In dairy cattle milking is sometimes practiced 
before calving in order to relieve the mammary congestion. In general, 
prepartum milking is not recommended because the young of most 
species should receive the beneficial protective effects of the colostrum. 

The Act of Parturition. If the female and her fetus or fetuses are 
normal and if environmental conditions are favorable, no assistance will 
be needed during parturition. The herdsman should have anticipated 
the time of parturition, having provided a clean, safe place for the female, 
and should be in a position to assist if the parturition process does not 
progress normally. 

Parturition is divided into several phases. The first phase is the 
dilation of the cervix and the loosening of the pelvic region. The second 
phase is the gradually accelerating contractions of the uterine and 
abdominal muscles, causing the actual expulsion of the fetus. The third 
stage is a continuation of the second; the muscular contractions continue 
at a lesser rate and result in the expulsion of the afterbirth. A convales¬ 
cent phase covers several days, during which the uterus, cervix, and pelvis 
gradually return to the normal nonpregnant state. 
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Labor pains set in from one to a few hours before final exputoon rf the 
fetus They are mild at first, lasting from a few seconds to 1 or 2 minutes 
it intervals of 15 minutes. Their tempo, duration, and strength are 
gradually accelerated. The animal becomes increasingly restless a 
nervous, shows evident signs of pain, and the skin becomes hot and dry. 
The pains are caused by rhythmic contractions of the longitudinal muscles 
J the waH of the uterus and the dilation of the cervix to allow passage 
of the fetus. The dilation of the cervix is soon followed by the contrac¬ 
tion 0 f all the uterine muscles as well as the abdominal muscles and the 
diaphragm. The combined contractions of the uterine and abdominal 
muscles soon force out the fetal membranes, which act as an elastic 



Fio. 39. Normal position of calf in utero. (From U.S. Department of Agriculture, Diseases 


of Cattle.) 


wedge to open the passages gradually. After protrusion the amnion 
breaks, releasing part of the fluid, and the fetus is expelled. 

The duration of parturition varies in different species of animals, 
requiring, in the mare, from 5 to 30 minutes; in the cow, 1 to 2 hours; in 
the ewe, 15 to 30 minutes for each lamb born; and in the sow, usually 
from 5 to 30 minutes for each pig. 

The last stage of parturition consists of the expulsion of the fetal mem¬ 
branes, or afterbirth. If the fetal membranes are not expelled within 
24 hours, the cause should be determined. There is the tendency to 
remove by force any membranes exposed to view immediately following 
birth. In most cases these membranes will be expelled naturally; forci¬ 
ble removal may cause injury. It should be recognized that retention 





108 BREEDING AND IMPROVEMENT OF FARM ANIMALS 


of the placenta is usually accompanied by inflammation and perhaps 
infection of the uterus. The most common infection in cattle and swine 
is brucellosis. Since the fetal membranes of the brucella-infected female 
usually contain billions of the brucella bacteria, and since man and live¬ 
stock are highly susceptible to this disease, manual removal of the 
placenta may be dangerous. It can be safely accomplished by the 
experienced worker but should not be attempted without proper training. 
A fairly large percentage of females which have experienced retained 
placentae conceivfe with difficulty, and some become sterile because of 
the uterine damage. 

The young are sometimes born without rupture of the amnion; in this 
case it should be removed at once. As soon as the umbilical cord is 
severed the young are dependent on their own respiratory and circulatory 
systems, and breathing must be initiated. If breathing is not observed, 
the young should be examined, mucous clots should be removed from the 
nose and mouth, and artificial respiration begun. 

Position of the Fetus. The most common types of presentation are 
called anterior and posterior. In anterior presentation the front feet, 
with the head resting between them, appear first, and when the head 
has passed the vulva, expulsion of the young quickly follows. The 
appearance of the hind feet first is called posterior presentation. It may 
be a little slower than the anterior type and is not quite so easy. As 
shown in Fig. 40, the fetus may be twisted and turned in many different 
ways. When this happens the livestock owner must be cither sufficiently 
skilled to handle the situation or must know when to call for veterinary 
help. 

Assistance at Parturition. The two principal causes of loss at parturi¬ 
tion are interference in the process without sufficient skill and delay in 
recognition of the difficulty, with the result that the dam becomes 
exhausted and often the fetus dies before help arrives. When labor has 
been in progress for several hours with no sign of results and when the 
female appears to be in unusual distress, the cause should be determined. 

Many herdsmen are skillful and successful obstetricians, but all too 
many of them do not realize their own limitations. The principal factors 
for success in this type of work are absolute cleanliness of person and 
instruments, knowledge of the anatomy of the reproductive tract, 
gentleness, perseverance, experience, and good judgment. A slight pull 
on the forefeet may be necessary to bring about expulsion of the fetus. 
A simple change in the position of a leg may be all that is needed. In 
other cases it may be necessary to deliver the young through an incision 
in the abdomen and uterus (Caesarean birth). The proper use of the 
services of a veterinarian at parturition pays good dividends. Good 
judgment will prevent unnecessary expense for such services if there is 




109 



110 BREEDING AND IMPROVEMENT OF FARM ANIMALS 

no need, but when it is clear that the birth will be complicated, the sooner 
they become available the better. 

Care of the Young. In cattle and horses the young are usually on 
their feet and suckling the dam within an hour. When the weather is 
favorable no particular attention is necessary if the young are normal 
and are able to suck. In swine it is best for the herdsman to be on hand. 
It is a good practice to separate the pigs from the sow as soon as they are 
born, to dry them, to see that they are breathing normally, to remove 
mucus from the nose if necessary, and to place the pigs in a basket in a 
warm place until the sow has finished farrowing. It is a good plan to 
identify the pigs at this time by notching their ears. When the sow has 
finished farrowing, the pigs should be placed with her, and the herdsman 
should be sure that each is suckled. 

In the case of sheep the shepherd usually removes the first lamb at 
birth, if twins are expected, and replaces it as soon as lambing is com¬ 
pleted. In cold weather the lambs should be dried and helped to suckle 
if necessary; then they usually need no further attention. 

Care of the Dam. Nothing is more discouraging than the loss pr 
injury of a valuable female at or following parturition. We shall not 
attempt a complete treatise on the feeding and management of pregnant 
females but shall outline a few general principles which apply to all 
classes of farm animals. 

When animals have their young in a luxuriant pasture there is little 
we can do to improve their nutritional status. When pasture is not 
available, the amount of feed should be reduced a few days before par¬ 
turition. If grain is being fed, it should be bulky in nature and non¬ 
constipating. Oats, wheat bran, and limited amounts of linseed-oil 
meal, good-quality legume hay, and pasture are excellent feeds for the 
parturient female. 

Care must be taken to get the dam on feed gradually following par¬ 
turition. Neither the dam nor her offspring are benefited by bringing 
about full milk production too soon. Excessive udder stimulation by 
overfeeding may cause scours in the young, congestion of the udder in 
the dam, and may contribute to the development of milk fever in dairy 
cattle. The strain involved in parturition, plus the avenues of infection 
that are automatically opened by it, render the dam particularly suscepti¬ 
ble to complications following parturition. They may take many forms: 
retained placenta; hemorrhage; eversion of the vagina, uterus, or bladder; 
lesions in various parts of the genital tract; or the invasion of the tract by 
various organisms. In addition, milk fever, paralysis, convulsions, and 
many other abnormal or diseased conditions may follow parturition. 

During pregnancy there is an increase in uterine size; modification of 
the entire lining of the uterus, the endometrium, to form the maternal 
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Although some sows may show signs of heat within a 

most sows are not bred until the p.gs are weaned at about 8 weeks 
of ace Current interest in intensive pig production has raised severa 
lv problems. They will be discussed in a later chapter. The nature 
of the problem involves the period of uterine involution and ovarian 
preparation necessary for establishment of pregnancy following early 

"'The' g Wtia h Uon K of Milk Secretion. As previously described, the 
mammary gland becomes anatomically prepared for lactation by th 
direct or indirect action of estrogen and progesterone In most mammals 
the mammae appear ready for lactation by the m.d-per.od of gestation 
but typical milk secretion does not begin until after parturition. In 
certain instances abortion is followed by lactation. Lactation may fol¬ 
low hormonal stimulation with estrogens and progesterone, or in some 
cases suckling or manipulation of the teats may stimulate the onset of 
lactation in suitably prepared glands. The question of why lactation 
occurs when it does is as important as why parturition occurs when it 


does, and seems just as difficult to answer. 

There is little doubt that the initiation and maintenance of lactation 
depends on the secretion of the lactogenic hormone by the anterior 
pituitary gland. This hormone has several names: galaclin , prolactin, 
and even mammotropin. The lactogenic hormone is produced in larger 
amounts by dairy cattle than by beef cattle and is present in greater 
quantities in pregnant cows than in calves. However, it is present in 
both males and females, and in birds as well as in mammals. In highly 
developed mammals, such as the dairy cow, the lactogenic hormone is 
secreted in maximum amounts early in lactation, and milk secretion and 


lactogenic-hormone secretion decline together. 

It seems obvious that the pregnant state inhibits lactation in pnmipara 
and seasonal breeders. It is equally obvious that some outstanding 
dairy cattle produce milk throughout pregnancy and are lactating at the 
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time of parturition. Numerous theories to explain the initiation of lacta¬ 
tion .have been proposed. One of these is the estrogen-withdrawal 
theory. It is based on the knowledge that estrogen levels rise during 
pregnancy because of placental secretion and that the reduction in estro¬ 
gen after expulsion of the placenta is followed by lactation. Meites and 
Turner (1948) advanced the theory that high progesterone levels during 
pregnancy inhibit the effects of estrogen but that at the time of parturi¬ 
tion estrogen becomes dominant over progesterone and that lactogenic- 
hormone secretion increases and initiates lactation. 

One of the unique features of the lactogenic hormone is its diversity 
of systemic effects. In pigeons it stimulates the secretion of crop milk, 
inhibits gonad activity through a reduction in pituitary gonadotropin 
secretion, increases metabolic rate, and even stimulates growth of the 
intestinal tract. The lactogenic hormone may bring about progesterone 
secretion by the corpus luteum, and some workers report that the luteo- 
tropic and lactogenic hormones are identical. 

The Ejection or “Let-down” of Milk. During the nineteenth century 
it was generally believed that the greater part of the milk was secreted 
during the milking process as the result of the nervous stimulus produced 
by manipulating the udder. This view is still held by some dairymen. 
As the result of improved techniques for studying the factors affecting 
milk secretion it is now definitely known that nearly all of the milk is 
present in the udder prior to milking. It has likewise been esteblished 
that milk is secreted most rapidly immediately after milking, when the 
udder is empty. As the udder fills with milk the pressure within the 
ducts and alveoli increases and results in decreased rate of secretion. 
The pressure which is developed in the udder by the introduction of air 
(the once-common treatment of milk fever) effectively stops the secretion 
of additional milk. Every dairyman knows that the most effective way 
to dry off a cow is to stop milking her, although he sometimes hesitates 
to do so for fear the resulting congestion may injure the udder. 

Occasionally a cow does not produce the expected amount of milk at a 
particular milking although the udder appears to contain more. Under 
these conditions it is frequently said that the animal has “held up” her 
milk. This is very annoying to the practical dairyman, and he has been 
known to resort to drastic measures to make the cow “let down” her 
milk. Most of these measures are ineffective because they are in opposi¬ 
tion to the physiological principles involved. We now know that a cow 
cannot “hold up” her milk but she can fail to “let it down.” 

The greater part of the milk secreted is stored in the millions of alveoli 
which make up the secretory system. Small amounts of smooth muscle 
are associated with each alveolus, and it is necessary for these muscles 
to contract if milk is to be forced out into the larger ducts. 
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S eaure haman? offer stimuli with milking 
Suc/factors as bringing the animals from pasture, the rattling of milking 
® a,hines m 0 vemen g ,s of feed trucks, washing the udder, or even radio 
programs' which the milkers tune in, stimulate the posterior pituitary 
and cause milk ejection. The normal stimulus may be eas.ly .nterfe ed 
with Changes in the animal’s routine, strange noises or animals in the 
barn’ mistreatment of the cattle, etc., may prevent the normal pituitary 
response. Ely and Petersen (1941) reported that events which frighten 
or disturb cattle probably cause the central portion of the adrcnal g a 
(medulla) to secrete adrenaline, which in turn inhibits the normal action 
of oxytocin on the muscles surrounding the alveoli. There is considerable 
evidence available in a wide variety of species that fright or emotional 
stress results in the almost instantaneous release of epinephrine (adren- 

aline) into the blood stream. t , , 

From the practical standpoint it appears that the hormonal stimulus 
for "let-down” sometimes is lost before milking is completed. It, tor 
example, a cow associated the washing of the udder with immediate 
milking, delay in milking may result in decreased production. Experi¬ 
ments in which the oxytocic hormone has been injected showed that its 
effects disappear in about ten minutes. The understanding of the 
processes of milk secretion and ejection are of considerable importance 

in dairying. . . ,. , , 

The Maintenance of Milk Secretion. The maintenance of a high rate 

of milk secretion following parturition is of great concern to dairymen 
and, for that matter, to the producers of all farm animals. The most 
outstanding dairy cows are persistent milk producers. The rate of 
decline of lactation is slow by comparison with the average or inferior 
cow. It appears logical to assume that the rate of decline is in some way 
related to the level of secretion of the lactogenic hormone. The correct¬ 
ness of this assumption has been borne out by experimental evidence, but 
the exact nature of the controlling mechanisms is not wholly understood. 
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It is well known that the removal of milk from the mammary glands 
is quickly followed by the secretion of more milk. If milk is not with¬ 
drawn, involution of the udder sets in. It has been shown that the 
suckling stimulus increases the secretion and discharge of the lactogenic 
hormone by the pituitary and assists in the maintenance of the mammary 
glands in a functional condition. Milk secretion is a complex function 
requiring the cooperation and coordination of all the body organs and 
systems. High milk production cannot be attributed to any one factor, 
such as mammary size, level of lactogen secretion, feed capacity, nutri¬ 
tional status, or a single gene. 

Of the hormones other than estrogen, progesterone, and the lactogenic 
hormone, those of the thyroid and adrenal glands are probably next in 
importance. The thyroid gland, through the mediation of its hormone 
thyroxine, is concerned chiefly with the regulation of general body 
metabolism. The removal of the thyroid in the lactating animal is 
followed by a rapid drop in milk production. In contrast, the adminis¬ 
tration of thyroxine during the declining phase of lactation is frequently 
followed by increased milk production and an increase in the fat content 
of the milk. 

The adrenal glands are essential for continued milk secretion. Each 
adrenal is composed of two parts, an outer shell called the cortex, which 
secretes the cortical hormones, and an inner portion, the medulla, which 
secretes epinephrine. The cortex is regulated by the production of the 
anterior pituitary hormone ACTH (adrenocorticotropic hormone). 
The adrenal cortex produces several steroid hormones. The best-known 
of these is cortisone; it is concerned with the metabolism of proteins and 
carbohydrates. Other cortical hormones influence electrolyte and 
fluid balances. Because of the variety and quantity of precursors 
necessary for milk secretion the adrenal glands are essential. It is 
believed that ketosis (acetonemia) in cattle may be due to the failure of 
the adrenal glands to produce sufficient cortical hormones. A reduction 
in blood glucose and an increase in blood and urinary ketones follows 
adrenal failure. The standard therapy of ketosis has been the adminis¬ 
tration of glucose intravenously and large amounts of available carbo¬ 
hydrate orally. In line with the endocrine explanation of ketosis, 
therapy now includes the injection of cortisone or ACTH. 

The parathyroid glands are concerned with calcium and phosphorus 
metabolism and skeletal development, and thus indirectly with skeletal- 
muscle irritability and milk secretion. One of the most dramatic dis¬ 
orders of farm animals is milk fever in the cow. This condition is, in 
reality, not a fever but hypocalcemia. It occurs almost exclusively in 
high-producing dairy cattle shortly after calving and is apparently the 
result of the greatly increased requirements of the lactating animal for 
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mended treatment is the intravenous administration of both calciuma 
glucose. Although the basic cause is not completely known, it is thoug 
that the parathyroid glands are involved. 
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CHAPTER VI 


LOWERED FERTILITY AND STERILITY 


Although problems of disease, drought, crop failures, and unfavorable 
price relationships concern the livestock producer from time to time, no 
problem faces him more continuously than that of impaired fertility or 
sterility. It is commonly believed that fertility and prolificacy are 
synonymous and are the exact opposites of sterility. This is not true. 
Sterility implies complete reproductive failure in contrast to fertility, 
which may vary from 1 to 100 per cent. There are wide species differ¬ 
ences in prolificacy and in reproductive behavior. The standards of 
reproductive efficiency acceptable for one species may be quite inadequate 
for another. For this reason we shall devote one chapter to the more 
common causes of impaired fertility and sterility and another chapter 
to the more important practical problems of breeding management for 
each species of farm animal. 

Definitions. Sterility is complete and permanent reproductive failure. 
In farm animals the completion of the reproductive process depends on 
fertilization, normal embryonic and fetal growth, and the birth of young 
capable of survival in a favorable environment. From an academic 
standpoint, the formation of the zygote and subsequent cleavage are 
indicative of pregnancy. If the reproductive process is interfered with 
during early embryonic differentiation or during the act of parturition 
and the young are not born alive, that mating must be regarded as a 
sterile one. Improper development of the young which prevents survi¬ 
val during the birth process as well as defects in the genitalia of the dam 
which will not permit birth, should be included in a definition of sterility. 
Our definition requires that reproductive failure be of a permanent 
nature. 

It is obvious that not all matings between normal males and females 
result in the birth of normal voting. In well-managed cattle herds, for 
example, only about 70 per cent of the normal cows conceive on the first 
service. The fact that 30 per cent of the individual matings are sterile 
matings should not be interpreted to mean that the participating indi¬ 
viduals are sterile. 

In birds sterility may be defined as the failure of eggs to produce normal 
young when subjected to favorable incubation conditions. In practice, 
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Doultrymen have long recognized that eggs fall into three classes: infertile 
eggs showing no evidence of normal cleavage, fertile eggs showing recog¬ 
nizable embryonic development, and fertile eggs which do not hatch. 
Poultrymen thus distinguish between fertility and hatchability. 

Fertility is the degree of reproductive ability. In animals characterized 
by sexual reproduction, fertility may be limited by either sex T e 
mating of a highly fertile male to a sterile female, e.g., a freemaitm has 
the same result as the mating of two sterile animals. Any animal whu h 
has the ability to produce a viable offspring is, according to our definition, 
a fertile individual. Since fertility is a measure of the reproductive 
ability of both sexes, it must express reproductive ability in terms of 
numbers of offspring for a specific period of time. In the horse or in 
cattle the birth of one normal viable young per calendar year would 
represent an attainable practical degree of fertility. In swine, most 
breeders would agree that the production of two litters of 10 viable pigs 
each per year would represent a high degree of fertility. 

Prolificacy is the production of large numbers of young. There are 
wide species differences in prolificacy, the sow being more prolific than 
the mare, the ewe more prolific than the cow, and the hen being the most 
prolific of all farm animals. Although females within species vary in 
prolificacy per gestation period, we do not always attempt to select for 
multiple births. In swine large litter size, provided the pigs are vigorous 
and the sow can suckle them, is an economic asset. The feed, labor, and 
housing cost for a sow with 2 pigs is the same as for a sow with 10 pigs, 
and prolificacy may be a limiting factor in efficient production. In 
cattle and the horse the high mortality associated with twin or triplet 
births makes selection for twinning undesirable. 

Lifetime prolificacy is highly important. A cow capable of producing 
one calf per year for a dozen years is clearly more valuable than one 
which produces only 8 calves. There are degrees of prolificacy, just as 
there are degrees of fertility, and the relative fertility of the male and 
female may have considerable influence on the degree of prolificacy. 

Fecundity is the ability of the male or female to produce large numbers 
of normal sperm or ova. This term is not in common use by livestock 
breeders, and even among research workers there are variations in usage. 
From a technical viewpoint it would be correct to say that a bull produc¬ 
ing 4 billion apparently normal sperm per ejaculate is highly fecund. 
More generally he is referred to as a “highly fertile” bull. Among 
breeders, females which produce a large number of offspring during a life¬ 
time are termed fecund. 

Potency is the ability of the male to perform copulation. Highly 
potent males have a strong sex drive and mate readily. Males which 
will not copulate at all are impotent. 
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The terms reproductive efficiency and conception rale are often used to 
express degrees of fertility. In order that their meaning be correctly 
interpreted it is necessary to define all conditions for their use. In 
artificial-insemination studies with cattle the term nonreturn rate as a 
measure of reproductive efficiency has come into widespread use. This 
is based on the fact that the estrual cycles usually cease during pregnancy 
and the cows do not return in heat. If cows which have been mated do 
not return in heat after 60 to 90 days, it is a rather accurate indication 
that pregnancy has occurred. The expression “a 75 per cent conception 
rate based on 60-to-90-day nonreturns” would mean that 75 per cent of 
the cows bred had not returned in heat after 60 to 90 days and are pre¬ 
sumed to be pregnant. The calculation of conception rate based on 
30-day nonreturns is subject to considerable error, since it is not unusual 
for 10 to 15 per cent of all cows mated to pass one heat period even if 
they are not pregnant. 

The most accurate expression of reproductive efficiency is the number 
of pregnancies terminating in normal birth which follow a given number 
of services. In artificial insemination the birth of 75 viable calves per 100 
inseminations indicates a breeding efficiency or conception rate of 
75 per cent. 

Causes of Reproductive Failure. There is a common erroneous 
belief that sterility is a single problem, a specific disease which can be 
corrected by a specific treatment. In some instances a specific defect or 
a particular disease can be identified as the cause of reproductive failure. 
In many cases there is no apparent reason for sterility or lowered fertility. 
In some individuals a variety of minor disturbances may, in combination, 
limit reproduction. However, the causes of reproductive failure can 
most commonly be classified as (1) anatomical defects, (2) mechanical 
injury of the genitalia, (3) genital diseases, (4) nutritional deficiencies, 
(5) endocrine disturbances, (6) genetic factors, and (7) miscellaneous 
or unknown causes. 

Anatomic Defects of the Genitalia. Literally hundreds of types of 
anatomic defects of the genital organs have been reported. Some of 
these are of sufficient severity to cause sterility, and others affect the 
degree of fertility. We shall not attempt to describe all the anomalies 
which have been reported in the literature but shall give a brief account 
of the more general types. 

Probably the most common male genital defect is cryptorchidism. 
This condition has been described in a previous chapter. The results of 
cryptorchidism depend upon the exact location of the testes and vary 
from normal fertility in the unilateral cryptorchid to complete sterility 
when both testes are fully within the abdominal cavity. It is established 
that the condition may be heritable, and it should not be condoned in a 
breeding animal. 
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The occurrence of scrotal hernia is not uncommon. The decent of' the 
viscera through the inguinal canal into the scrotum may mterfere with 
the circulation in the testes and result in their atrophy. The develop 
menl of a hernia in any part of the abdominal wall, although he tes s 
themselves may be unaffected, may mterfere with service and indirectly 

at The f ^n!Hs sometimes malformed, or it may be prevented from full 
extension by adhesions within the sheath. Paralysis of the retractor 
muscles may allow the penis to protrude from the sheath and be subject 
to injury. Such defects may have no influence on the actual pi eduction 



(Courtesy of Dr. A. V. Nalbandov, 


Fio. 41. Complete absence of the cervix in the sow. 
Department of Animal Science. University of Illinois.) 


of sperm by the testes but may prevent effective service. The complete 
absence of portions of the genital system is rare but it does occur. 

The general anatomic soundness of males, especially their feet and 
legs, should not be ignored. It is well known that broken limbs, sore, 
overgrown, or malformed feet, and arthritic joints may prevent males of 
normal fertility from mating. 

Probably the best-known anatomic abnormality in the female is the 
freemarlin condition. Of all the farm animals, cattle appear to be unique 
in the occurrence of this abnormality. In cattle, when twins of opposite 
sex are produced, a high proportion of the genetic female calves have 
abnormal genital organs. These abnormal females are sterile and are 
called freemartins. About 10 per cent of the females born twin with a 
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male are normal, will reproduce, and should not be called freemartins. 
In the freemartin the external genitalia are generally of the female type, 
the vagina is present but greatly shortened, the gonads tend to resemble 
nonfunctional testes, and the Fallopian tubes and the uterus may be 
present in a rudimentary state. The reduced length of the vagina is the 
best practical means of testing females suspected of being freemartins 
(Goss, 1950). Examination with a small speculum reveals the absence 
of the os cervix and a vagina about one-third normal length. For those 


Fio. 42. Hydrosalpinx in the cow. The Fallopian tube is enlarged and distended with 
fluid. ( Courtesy of Dairy Breeding Research Center, (he Pennsylvania Slate University.) 

unfamiliar with vaginal depth at a particular age, comparison can be 
made with a normal female of the same age as the suspected freemartin. 
In some freemartins the external genitalia are clearly abnormal, resem¬ 
bling in part those of the male. Such animals should be culled as soon 
as they reach market weight. An explanation of the cause of the condi¬ 
tion is given in the chapter on Sexual Differentiation. 

An abnormality called white-heifer disease was described in white 
Shorthorn cattle many years ago. Varying degrees of genital abnormal¬ 
ity have been described under this name. They vary from a persistent 
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hand of tissue at the urogenital sinus (hymen) which prevents copulation 
to more serious abnormalities, such as abnormal cervical and vaginal 
development. Although this condition is most common in white 
Shorthorns, it may occur in other breeds. 

Some of the other congenital defects of the female genitalia are uni¬ 
lateral or bilateral absence of the ovaries, Fallopian tubes, or uterine 
horns; closure of the cervix or tubes; persistent hymen and miscellaneous 
developmental abnormalities. 

Mechanical Injury of the Genitalia. From an anatomical standpoint 
the testes would appear to be extremely vulnerable to injury; however, 
instances of bruising, inflammation, and lacerations of the scrotum and 
testes are not common. The consequences of such injuries vary from 
temporary reduction in fertility to complete sterility, and all injuries 
should receive prompt expert treatment. The testes of the stallion are 
more likely to be injured during service than are those of other farm 
animals. Mares which are improperly handled or incorrectly restrained 
may permanently damage the testes or penis of the stallion. 

The penis may become bruised or lacerated during service, thus result¬ 
ing in temporary or permanent loss of the male as a sire. Most fre¬ 
quently such injuries could be avoided by the use of approved breeding 
practices or restraining devices. 

A wide variety of injuries may occur in the female. The two critical 
times, as far as injuries are concerned, are at service and at parturition. 
As explained in an earlier chapter, complicated parturition may result 
in the loss of the offspring, permanent damage of the genitalia of the 
female, or even death of the dam herself. Perforation of the uterine or 
vaginal walls, laceration of the cervix, eversion of the vagina, cervix, and 
uterus or of the rectum are all sequelae of complicated birth. In some 
cases adhesions or secondary infections of the genitalia cause tissue 
damage which prevents further reproduction. Service by a large or 
vigorous male may cause permanent genital injury. 

Genital Diseases. Theoretically, any disease which affects the well¬ 
being of an animal may have either temporary or permanent influence on 
fertility. In the male, for example, pneumonia or any other disease 
accompanied by fever may affect the rate of spermatogenesis. Severe 
systemic infections may affect fertility or result in abortion in pregnant 
females. Conditions of this type are outside the scope of this discussion. 

Of the farm animals, cattle are most likely to be affected by specific 
transmissible genital diseases. The economic losses incurred as the 
result of such diseases in cattle are probably many times as great as those 
for all other farm animals combined. 

Brucellosis. Brucellosis is a contagious disease of cattle, swine, goats, 
and man. The Brucella bacteria have been classified into three types: 
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Br. abortus, which chiefly affect cattle; Br. suis, which are adapted to 
swine; and Br. melitensis, which chiefly affect goats. Man is affceted 
by all types of Brucella organisms. 

In cattle the Br. abortus organisms tend to localize in the uterus of the 
pregnant cow and produce abortion. Abortion may occur at any stage 
of pregnancy but is most common between the 5th and 8th months. 
Most cattle develop a degree of resistance to the disease after exposure 
and usually do not abort more than once. This may develop a false 
sense of confidence among cattlemen who regard abortion as the only 
symptom of the disease. Cattle which are infected, which may or may 
not abort, may be dangerous spreaders of the disease. The placenta 
and genital discharge of such cows and their milk may contain large 
numbers of the organisms. In bulls the organisms may localize in the 
testes, seminal vesicles, or vas deferens, and males may spread the disease 
by copulation, although libido is generally reduced if testicular involve¬ 
ment occurs. 

Brucellosis can be readily and accurately detected by both blood and 
milk tests. The standard blood-agglutination test is based upon the 
agglutination, or clumping, which occurs in the blood serum of infected 
cows when a specially prepared Brucella antigen is added at definite 
dilution rates. In most states cattle sold at public sale for breeding 
purposes or shown at public fairs must be tested for brucellosis. Breed¬ 
ing cattle must be tested before interstate shipment. This has done 
much to halt the spread of brucellosis. Neither purebred nor commer¬ 
cial cattle producers can afford to run the risk of purchasing nontested 
cattle. 

In the past many ‘‘treatments” for brucellosis have been described. 
Although the best efforts of our veterinary scientists have been devoted 
to conquering the disease, no satisfactory treatment is yet known. The 
livestock producer should therefore concentrate on the prevention of the 
disease. The ideal method of prevention is the complete isolation of all 
animals from the disease. This requires that no animals which could 
be carriers—cattle, swine, or goats—be allowed on the farm unless tested 
for brucellosis and found free of infection and, in addition, be from herds 
known to be free of the disease. Perfect isolation also requires that 
visitors be carefully restricted lest they unknowingly transport contami¬ 
nated materials. This is very difficult to accomplish. 

Vaccination of calves with Br. abortus Strain 19 is widely practiced. 
The calves are usually vaccinated when from four to eight months of age. 
Such calves will react to the agglutination test following vaccination but 
usually become negative by breeding age. Adult animals which are 
vaccinated may become permanent reactors, and it is often impossible 
to tell subsequently whether they have brucellosis or whether they are 
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merely persistent reactors as a result of vaccination. This is confusing 

in attempting to control or eliminate the disease 

Most states have organized programs of brucellosis control, and every 
livestock breeder will do well to consult his veterinarian as to the advan¬ 
tages of participation. ^ . 

Brucellosis in swine is most often caused by Br. suis. Swine are some¬ 
times infected by Br. abortus, and cattle may be affected by both the 
abortus and suis types. Swine brucellosis is often a serious economic 
problem to the swine producer and may occasionally prevent the profita¬ 
ble operation of a swine enterprise (Hutchings, 1944). In cattle the 
presence of brucellosis in a herd is soon recognized by the occurrence of 
abortions. The incidence of abortions may vary greatly between swine 
herds, ranging from an occasional abortion to the majority of pregnant 
females. In the boar the organisms may localize in the testes and pro¬ 
duce a severe orchitis. Hutchings and Andrews (1946) have shown that 
Brucella may be eliminated in large numbers in the semen, and it is well 
known that the boar is frequently a spreader of the disease. These 
bacteria may localize in the joints, causing arthritis; in the vertebral 
column, causing posterior paralysis; and abscess formation anywhere 
in the body is not uncommon. 

Abortion may occur at any time during gestation. This symptom 
has been observed in experimental herds as early as 23 days after breed¬ 
ing. Under ordinary herd conditions such early abortions would prob¬ 
ably not be detected, and this may account for the fact that the abortion 
rate sometimes appears to be very low. Swine usually abort only once, 
but, as in cattle, such animals may thereafter be dangerous spreaders 
of the disease and their subsequent fertility may be affected. 

The means of diagnosis of swine brucellosis is very similar to that of 
cattle. Satisfactory vaccination procedures for the prevention of the 
disease have not as yet been developed, and there is no known treatment. 
However, considerable success in the elimination of the disease from 
badly infected herds can be expected by the repeated blood testing of all 
swine and the isolation of negative pigs on clean premises as far removed 
as possible from the infected parent herd. The testing is begun when 
the pigs are weaned at 8 weeks of age and is continued up to and during 
the first pregnancy. All reactors should be removed as they are detected 
The infected parent stock should be disposed of as soon as it is apparent 
that the younger animals are remaining free of the disease. 

Vibriosis. Cattle and sheep may become infected with the bacterium 
Vibrio fetus. The first evidence of infection with this organism is 
abortion. In badly infected cattle herds abortion by about 20 per cent 
of the cows may occur. Abortion occurs most commonly in the 5th and 
6th months of gestation. In sheep, abortion usually occurs during the last 
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G to 8 weeks of gestation, and the lambs may be delivered dead at term. 
As many as 60 per cent of the ewes may abort. V. fetus is spread by 
infected bulls or rams, but whether or not this is the only route of infection 
is not known for either cattle or sheep. When abortions occur in 
brucellosis-free cattle, examination for V. fetus should be made by a veter¬ 
inarian. The best diagnostic material is usually the freshly aborted fetus 
and fetal membranes. 

Bulls used in artificial-insemination programs should be proved free of 
V. fetus. This can be accomplished by bacteriologic examination and 
careful investigation of the herd health where the bull has been used 
naturally previously. 

Trichomoniasis. Trichomoniasis is caused by the flagellated motile 
parasite Trichomonas foetus, and the chief symptom is abortion or embry¬ 
onic death. The usual spreader of the disease is the bull. The parasites 
live, more or less permanently when established, in the sheath. They 
cause no damage to the bull and do not affect semen quality or conception 
rate. In the cow these parasites cannot survive more than a few weeks 
unless the cow is pregnant. In pregnant cows they cause death of the 
fetus and abortion. Abortion usually occurs in the first third of preg¬ 
nancy. Abortion may occur unnoticed, or death of the embryo without 
abortion may take place, and mummification of the fetus is not uncom¬ 
mon. In infected herds the estrual cycles may be of unusual length; 
cows which have missed one or several heat periods may return in heat 
without apparent cause. The uterus may become infected and enlarged 
due to pus formation (pyometra). 

The positive diagnosis of trichomoniasis requires the isolation of the 
parasite. These organisms are sometimes difficult to find even in 
animals known to be infected, and it is often necessary to obtain more 
than one sample for diagnosis. The trichomonads can be found in the 
genital discharge immediately after abortion. In bulls the sheath 
should be swabbed on several occasions if the first sample of a suspected 
animal proves negative. 

Since the bull is the primary source of infection, males used in artificial 
insemination must be free of trichomoniasis. Although a few apparent 
cures have been reported, most infected bulls should be regarded as 
permanently infected. It is important that bulls come from noninfected 
herds, since individual testing is occasionally in error. As a final test 
it is recommended that bulls be mated to a virgin heifer and not used 
until it is certain that the heifer has not been infected. 

Leptospirosis. The Leptospira are saprophytic microorganisms which 
are widely distributed in fresh and salt water, especially in water con¬ 
taminated with fecal material. These organisms are of several types 
and have been recovered from the human, rodents, dogs, cattle, swine, 
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ftn(1 the horse. Serological tests indicate L. pomona commonly infect 
cattle and swine, although some research workers have referre ° 
cattle strains as L. bans. Leptospira may cause abortion m both ca t e 
and swine. Abortion usually occurs late in the gestation penodJ 
may occur at any stage of pregnancy. Often no symptoms othe, than 
abortion are observed. Diagnosis requires extremely carefuUaboratory 
procedures. Relatively little is known of the spread of the disease, and 
fhere is no effective treatment. As mentioned previously, it is importn&t 
to determine the cause of every abortion, and in cattle and swine lepto- 

snirosis must be considered as a possible cause. . f .. o 

Equine Abortion. In the mare, abortion due to at least two infectious 
organisms is known to occur. One of these organisms is the equine abor¬ 
tion virus. The virus usually produces abortion in the last third of preg¬ 
nancy, or the foals may be bom dead. Little is known about the spread of 
the disease. A vaccine for the disease has been prepared and appears to 
offer reasonable protection if it is administered about the Cth month of 
pregnancy and before the mares have become naturally infected. 

Abortion in mares attributable to the bacterium Salmonella abortivo- 
equinus has also been reported. Abortion usually takes place in the last 
third of pregnancy. The spread of the disease appears to be through 
the discharge of the infected mare. Protection by special bacterins is 
sometimes employed in horse-breeding areas, although the disease now 
appears to be rare in the United States. 

Uterine and Vaginal Infections. Various types of uterine and vaginal 
infections and inflammation may develop in any of the farm animals. 
Uterine infections are of three general types. Pijomctra is a chronic 
inflammation of the uterine murosa in which large amounts of pus 
accumulate. Metritis is an acute inflammation of the mucosa which 
may cause systemic reactions, fever, general depression, and sometimes 
death. Endometritis is a chronic low-grade infection of the uterine 
mucosa. These infections may be caused by the invasion of a variety 
of microorganisms. Diagnosis and treatment by a veterinarian are 
important because damage to the lining of the uterus may interfere with 
conception and implantation. 

The term vaginitis is a broad one. Any inflammation of the vagina 
may be called vaginitis, and small apparently inflamed areas of the 
vagina are very common. There are nonspecific but acute infections 
of the vagina which result in marked inflammation and pus formation. 
The term granular or nodular vaginitis is used to describe the presence of 
small nodules on the vulva or vagina proper. Many of these conditions 
are of little importance, recover spontaneously, and do not affect con¬ 
ception rate. In some instances they may be serious. 

Considerable training and experience are required to diagnose and 



126 


BREEDING AND IMPROVEMENT OF FARM ANIMALS 


prescribe treatment for the genital diseases which we have mentioned. 
It should be recognized that some of these diseases cause abortion, that 
some interfere with conception or implantation, and that failure to deal 
with them satisfactorily may result in sterility and even infection of 
man. 

Nutritional Deficiencies. Because lowered fertility often occurs in 
the absence of recognizable anatomical defects or genital disease there 
is a tendency to explain it in terms of nutritional deficiencies. It is 
entirely possible that reproduction may be interfered with by inadequate 
amounts or by a lack of specific nutrients. It is likewise true that under 
average farm conditions nutritional deficiencies which affect only repro¬ 
duction and produce no other symptoms are unlikely to occur. 

Gross Nutritional Deficiencies. In man, in famine-stricken areas or 
among prisoners of war, starvation or inanition may reduce fertility, 
sex drive, gonad and pituitary function, and increase the incidence of 
abortions, stillbirths, and early postnatal mortality. Experiments with 
laboratory animals have shown that inanition may reduce gonadotropic- 
hormone production, produce gonad hypoplasia, and limit or completely 
suppress reproduction. Among farm animals severe limitation of 
natural feed supplies in drought areas may be reflected in reduced repro¬ 
ductive efficiency. This creates no problem from a diagnostic standpoint 
because such a reduction in feed intake is accompanied by reduced growth 
rate or loss of weight in mature animals. In cattle, milk production 
declines, and emaciation and unthriftiness are common. Although 
more experimentation is necessary to determine whether or not farm 
animals subjected to a general restriction in nutrients suffer any perma¬ 
nent effects, observations on range animals suggest that reproductive 
performance tends to return to normal when feed supplies become ade¬ 
quate. These conditions are undoubtedly different from the feeding 
of restricted amounts of adequate diets. 

Flipse el al. (1953) studied the effect of total digestible nutrient (TDN) 
intake in Holstein males which received 70, 100, 115, and 130 per cent 
of the allowances recommended by the National Research Council for 
growing dairy calves. In these bulls, which were studied from birth to 
96 weeks of age, sexual maturity was delayed 12 to 14 weeks in the 70 
per cent group, and semen quality was somewhat reduced in this group. 
When the data were summarized at 96 weeks the bulls on the lowest 
TDN intake weighed 62 per cent as much as the males on the 100 per cent 
level. 

In swine, Self et al. (1955) compared self-feeding and 66 per cent of the 
self-fed level. Full-fed gilts weighed 128 lb. at 154 days of age and 
exhibited the first estrus at 222 days. The limited-fed group averaged 
108 lb. at 154 days and exhibited estrus at 206 days. 
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Fio. 43. Effects of vitamin-A deficiency in the bull. 1. Testis of vitamin-A-dcficient bull. 
Observe absence of sperm and scarcity of all epithelial cells, including spermatogonia. 
2. Same bull after 4 months of vitamin-A therapy. Extensive but not complete repair 
is shown. 


consideration. In swine, Moustgaard (1952) and Fowler and Robertson 
(1954) found that gilts receiving combinations of animal and vegetable 
proteins reached puberty somewhat earlier than those which received 
vegetable protein only. In pregnant gilts inadequate protein levels are 
believed to reduce the viability of the pigs at birth. 

Vitamin Deficiencies. Vitamin-A deficiency occurs under farm condi¬ 
tions more widely and in more species than any other vitamin deficiency. 
In the male, it causes inhibition or cessation of spermatogenesis, a reduc¬ 
tion in sex drive, and, in advanced deficiencies, general debility. In the 
female, estrus and ovulation occur in a relatively normal pattern and 
fertilization takes place. Embryonic death, abortion, and the birth of 
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dead or weak young usually occur. In cattle, the occurrence of cysts in 
the anterior pituitary glands of calves from cows deficient in vitamin-A 
is common. It is reported that these cysts do not disappear following 
vitamin-A therapy, but the significance of this is not known. 

Vitamin-A deficiency in pregnant swine may result in fetal resorption 
or in abnormal embryonic development. The birth of weak, malformed, 
blind, or even eyeless pigs has been reported in experimentally induced 
vitamin-A deficiency. In poultry, suboptimum vitamin-A intake may 
reduce egg production and hatchability. 

Vitamin-D deficiency may occur in any species, particularly if the 
animals are not exposed to sunlight. Prior'to the discovery of the func¬ 
tion of vitamin D, rickets was common in chickens and calves raised 
indoors. Although rickets may have a profound effect on growth and 
skeletal development, it has no direct effect on the reproductive process. 

Vitamin E is extremely important in certain metabolic functions. 
Fortunately it is a fairly common constituent of natural feedstuffs and 
is not often a limiting factor in livestock rations. The selection of the 
descriptive name of vitamin E as the antisterility factor was unfortunate, 
for in the farm animals there is little evidence that the supplementation 
of practical livestock rations with vitamin E will improve fertility or 
correct infertility. Vitamin E has a role in normal muscle development. 
In both lambs and calves vitamin-E deficiency may result in muscular 
dystrophy. This condition is called sliff-lamb disease or white-muscle 
disease in calves. 

The various members of the B-vitamin group are readily synthesized 
by the microorganisms which inhabit the rumen in sheep and cattle, and 
are of little practical importance in ruminant feeding. In swine, ribo¬ 
flavin deficiency in pregnant females may result in stillborn or weak pigs 
at birth. Pantothenic-acid deficiency has been reported to cause goose¬ 
stepping in both growing pigs and pregnant sows. The rations of breed¬ 
ing fowls are usually supplemented with several of the B vitamins. 
Choline and riboflavin appear to be necessary for maximum egg produc¬ 
tion and hatchability. 

Mineral Deficiencies. Because of their relation to skeletal develop¬ 
ment calcium and phosphorus are often considered together. Phos¬ 
phorus deficiency is common in cattle, especially in some western and 
southern regions. Unfortunately, in certain range areas phosphorus 
deficiency is accompanied by protein deficiency. This dual lack may 
result in poor growth and general unthriftiness in both cattle and sheep, 
and under such conditions estrus may not occur. Calcium deficiency 
is not common in cattle, sheep, or swine, but it may limit reproduction 
in poultry. It is essential for egg formation; a lack of calcium results in 
poorly formed shells and poor hatchability. 
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lack is most likely to be shown in pregnant sheep and swine, 
deficiency is manifested by the birth of weak, dead, hairless pigs or w 
Tambs with greatly enlarged thyroid glands (goiter). Prior to the «.de- 
spread^se of stabLed salt in breeding 

or even prevented sheep and swine production in the Great I.akes ar , 





Fio. 44. 1. Normal lamb thyroid. 2. Abnormal lamb thyroid due to iodine dcfioency 


in part of the Great Plains, and in the Rocky Mountain and Pacific 
Coast states. 

Copper and iron, in a broad sense, are important for the completion 
of the reproductive process in swine. Unless supplementary sources of 
iron and copper are available, newborn pigs may become anemic and 
there may be excessive postnatal death losses. This can be prevented 
by giving the pigs access to soil containing trace amounts of iron and 
copper or by the use of proprietary antianemic preparations of copper- 

iron salts. . 

Manganese has a function in several enzyme systems, particularly in 
those related to endochondral bone formation. It is frequently deficient 
in unsupplemented poultry rations, and its lack causes perosis or slipped 
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tendon. In adult laying fowls manganese is essential for normal shell 
formation, and a deficiency may result in shell defects which reduce 
hatchability. Under experimental conditions manganese deficiency 
may reduce fertility in cattle and swine, but manganese is unlikely to be 
deficient in common practical rations in animals other than poultry. 

Endocrine Disturbances. Since the growth of the reproductive organs 
the production of sperm and ova, sexual behavior, the implantation and 
development of the maternal placenta, parturition, and lactation are 
primarily regulated by hormones, the possibilities of endocrine disturb¬ 
ances are endless. Examples of some of the more common abnormalities 
will be given. 

Failure of the genitalia to develop is called sexual infantilism. The 
entire reproductive tract remains small, and in males the testes are 
visibly of reduced size. Females do not have regular heat periods, and 
males lack sex drive. Sometimes, especially in cattle, the animals 
become excessively fat and sluggish and resemble spayed heifers or steers. 
This condition presumably is the result of decreased gonadotropic- 
hormone secretion by the anterior pituitary gland. Unfortunately, 
treatment with gonadotropins is not often successful. Sometimes sexuai 
development is delayed but reproduction is normal after puberty. If 
environmental factors (e.g., malnutrition) do not appear to account for 
the delay, the breeder should always consider the possibility of a heritable 
factor. In any breeding herd or flock reproductive disorders should not 
knowingly be perpetuated. 

As outlined in previous chapters, gametogenesis and sex-hormone 
secretion are related but are not necessarily synonymous. High sex 
drive in males does not indicate fertility. The interstitial cells of the 
testes may produce adequate testosterone in the complete absence of 
spermatogenesis. The regular occurrence of estrus in females does not 
guarantee that ovulation occurs, that ova will be fertilized if ovulated, 
or that implantation and development will follow. Estrus can be readily 
induced by the administration of any of several natural or synthetic 
estrogens, such as estrone or diethylstilbestrol. Unless well-developed 
follicles are already present in the ovaries and ova are liberated, estrogen 
treatment alone cannot be expected to correct infertility due to anestrus. 
In some laboratory animals androgen treatment may hasten spermato¬ 
genesis. In farm animals there is no good evidence that androgens will 
induce spermatogenesis. If sperm are being produced but the male is 
unwilling to perform service because of low sex drive, the administration 
of aa androgen such as testosterone may restore mating. Androgens 
cannot be expected to correct sexual infantilism. 

Abnormal corpus luteum function can affect fertility in at least several 
ways. The corpus luteum may persist in the ovary and continue to 
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nroeesterone. If progesterone is being produced in large amounts, 
“ w Graafian follicles are not formed and estrus and ovulation do not 
take plaos- In dairy cows the estrual cycle should be reestabhshed 
within the first 60 days following calving. In some animals in 
evidences of estrus have been observed rectal pa'pation oftbe ovanes 
reveals a prominent and presumably functional corpus luteu • 
rerTovaf of the corpus luteum is usually followed by heat within one to 
four days It is well known that the removal of the corpus luteum of 
Lttle during pregnancy may produce abortion. Because of the role 



- 10 . 45. Cystic ovaries in a nonpregnnnt sow. Tim animal e x |‘ i b ilod J > rre ^l^ G8 ^“J 
leriods and had been bred repeatedly during a 5-month period without the establishment 
A pregnancy. {Courtesy of Dr. A. V. Nalbandov. Department of Animal Science. University 
/ Illinois.) 


of the corpus luteum in the preparation and maintenance of the endo¬ 
metrium, there is presumptive evidence that corpus luteum failure may 
sometimes cause early embryonic death. 

Ovarian cysts are common in cows, mares, and sows. Ovarian cysts 
are ordinarily considerably larger than normal Graafian follicles and 
with time may develop thickened walls. In cows and mares persistent 
cystic follicles often produce nymphomania or constant estrus. How¬ 
ever, some animals with ovarian cysts may show no signs of heat. In 
cattle, when the condition is allowed to persist, there may be pronounced 
anatomic and psychologic changes. The pelvic ligaments relax and 
the tail head is elevated. The animal may acquire such male character¬ 
istics as thickened forequarters and may bellow and behave like a bull. 
The best explanation for the development of ovarian cysts is a derange¬ 
ment of gonadotropic-hormone secretion. An excessive secretion of 
FSH without adequate LH to produce ovulation causes continued follic- 
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1. Cystic ovaries. 



2. Hydrosalpinx. 


Fig. 40. Female genital abnormalities in swine. Compare the site of the follicles with (2). 
Compare the enlarged Fallopian tubes with (1). ( Courtesy of Dra. Warnick. Grummer, and 
Ccuida, University of Wisconsin.) 
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ul ar development and estrogen production. Prior to the discovery of 
the gonadotropic hormones cystic follicles were usually rup u 
mechanical pressure or puncture. Unfortunately the rupture of cysts 
U often followed by .Jr recurrence. The most effective treatment is 
the administration of gonadotropin preparations rich in the LH f ra< t,m . 
These are prepared cither from anterior pituitary glands or from human- 

PF In" cattle"thm-e is evidence that the tendency toward cystic ovaries 
may be heritable. There is a greater incidence in dairy cattle than m 

^Numerous variations of the normal estrual cycle occur. Ovulation 
without estrus, cstrus without ovulation, estrus of such a low intensity 
that recognition is difficult, long or short heat periods or abnormal 
intervals between heat periods, arc explainable in terms of improper 

gonadotropin-cstrogcn-proge.stcronc relationships. 

Genetic Factors in Fertility and Sterility. The development of breeds 
or of lines of animals within breeds which differ in prolificacy is good 
evidence that fertility may have a genetic basis. It is common knowledge 
that some onee-popular families have become extinct because of a high 
incidence of sterility. Perhaps the best-known example is the Duchess 
family of Shorthorns. Strangely enough, although the high rate of 
sterility was known, breeders considered it an advantage. The Duchess 
Shorthorns were considered an excellent type in their day, and since 
infertility limited their propagation, they sold at high prices and were 
in considerable demand. It is self-evident today that, regardless of other 
traits, animals with subnormal fertility cannot be considered efficient. 

It has long been recognized that intense inbreeding of cattle, sheep, 
swine, or poultry is usually followed by decreased litter size, or decreased 
fertility. As will be emphasized in subsequent chapters, inbreeding may 
be a valuable procedure in the establishment of new lines or breeds, but 
it cannot be expected to be entirely free of undesirable effects. A number 
of well-known laboratory strains of rats and mice have been inbred for 
many generations. It should be recognized that the better strains have 
been subjected to prolonged critical selection and that factors for infer¬ 
tility have been largely eliminated. 

Because of the complex nature of the factors governing fertility it is 
extremely difficult to account for the causes of infertility, to say nothing 
of their heritability. As reviewed by Lagerlof (1951), there have been 
several reports that in Swedish cattle cystic ovaries, gonad hypoplasia, 
rate of spermatogenesis, and sex drive are heritable. A number of 
researches indicating that a hereditary female sterility conditioned by a 
single sex-limited autosomal recessive gene may occur in American cattle 
are summarized by Kidwell et al. (1954). 
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As reviewed by Rollinson (1955), nearly every reproductive disturb¬ 
ance has at one time or another been attributed to heredity. Rollinson 
concluded that, while some anatomic defects and physiologic disturb¬ 
ances, such as gonad hypoplasia, may be heritable, and although there 



Fio. 47. Illustrating inheritance of barrenness through the female line of the Duchess 
family of shorthorns; barren cows are represented by solid black circles. (From Babcock 
and Clausen. Genetics in Relation to Agriculture.) 


are family er line differences in fertility, the selection of cattle for fer¬ 
tility would be of doubtful value with the selection techniques now 
available. Legates (1954) and Dunbar and Henderson (1953), in 
independent studies on the heritability of conception rate and length- 
of-calving interval, concluded that the heritability was virtually zero 
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and that any marked improvement in reproductive efficiency must 
depend upon the improvement of environmental factors. 

Most of the research dealing with the selection of swine for litter size 
indicates that at best progress will be extremely slow. Estimates of the 
heritability of litter size in swine range from 0 to 44 per cent; the con¬ 
sensus is that the average heritability of litter size is less than 20 per cent. 

Under natural conditions it is presumed that many species crosses 
have been attempted, that some of the hybrids resulting from such 
matings have developed as new species, and that the great majority of 
matings were either sterile or produced offspring incapable of survival 
or propagation. In some instances potentially useful species crosses 
have not been made because of geographic distribution of the species or 
because of physical limitations. The use of artificial insemination can 
overcome geographic or physical limitations, and we may expect that 
some new hybrids will be forthcoming. 

One of the best-known species crosses is that of the horse-ass. The 
mule, a jack-mare cross, and the hinny, a stallion-jennet mating, are 
excellent examples of a species cross exhibiting considerable hybrid vigor. 
They are also examples of a sterile hybrid produced by species with 
different chromosome numbers. Although male mules may be capable 
of ejaculation, none have been found capable of producing sperm. The 
testes contain spermatogonia and may produce primary spermatocytes, 
but spermatids and spermatozoa are not produced. It is believed that 
reduction division cannot be accomplished because of chromosomal 
abnormalities. A few authentic cases of fertile mare mules have been 
reported, but the great majority are believed to be sterile. No explana¬ 
tion for the rare completion of oogenesis in contrast to the failure of 
spermatogenesis in the horse-ass cross has been given. Horse-zebra and 
ass-zebra crosses are possible, but, with the exception of one reported 
fertile zebra-ass hybrid, these crosses are sterile. Among the Bovidae, 
cattle-bison-gaur-gayal and yak crosses are compatible. The hybrid 
females are reportedly fertile and the males sterile. 

Several avian species have been successfully interbred. Matings of 
domestic fowl and the pheasant produce sterile hybrids. Attempts to 
cross the domestic fowl and the turkey resulted in fertilization and limited 
embryological development, but, with one exception, none of the embryos 
have survived until hatching. Recent attempts to mate bronze turkeys 
and the ring-neck pheasant have resulted in approximately 50 per cent 
fertility of eggs laid by pheasant hens fertilized by turkey males and 
23 per cent hatchability. The hybrids are apparently sterile (Asmund- 
son and Lorenz, 1955). 

Prenatal Mortality. Following Hammond’s observation (1914-1921) 
that there was a discrepancy between the number of corpora lutea and 
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viable fetuses in pregnant sows considerable attention has been given to 
the extent and causes of embryonic or fetal death. As reviewed by 
Casida (1953) only 54 to 70 per cent of the ova ovulated are represented 
by live pigs at parturition. In sheep it has been estimated that 20 to 
30 per cent of the ova are either unfertilized or do not develop normally 
following fertilization. In species characterized by single ovulations, 
determination of fetal death rate is extremely difficult. Cows with 
regular heat periods may exhibit embryonic death in the early stages of 
cleavage, making it virtually impossible to distinguish between failure 
of fertilization and fetal death. It appears, however, that as many as 
25 to 30 per cent of the ova produced are fertilized but undergo abnormal 
development. No reliable estimates are available for the mare. 

The cause or causes of prenatal death are obscure. In swine there is 
evidence that a high plane of nutrition, “fatness,” is associated with a 
high ovulation rate but also with high prenatal death, and there is a sug¬ 
gestion that with increasing inbreeding embryonic deaths increase. 
Attempts to explain prenatal death in cattle in terms of genetic, nutri¬ 
tional, and microbiological factors have been made. The best evidence 
at present suggests that the uterine environment of cows of lowered 
fertility in which there is a relatively high incidence of prenatal death is 
unfavorable for embryonic survival. Strangely enough, the uterus of 
the repeat breeder has more bacteriostatic activity than that of more 
fertile cows. This leads to speculation that the fertilized ovum may be 
attacked as a foreign body and rendered incapable of implantation. 
Until the causes of prenatal mortality are known it will continue to be a 
perplexing cause of lowered fertility. 

Miscellaneous or Unknown Causes of Infertility. Unfortunately 
many of the causes of infertility are unrecognized or unknown. The 
reproductive process may fail at any stage of the cycle because of specific 
factors in some instances or complicated interactions of several factors 
in other cases. Because of our inability to observe the processes of 
fertilization, differentiation, and implantation or to detect pregnancy 
in its early stages, we are severely limited in analyzing individual breed¬ 
ing failures. 

The possibilities of abnormalities of the sperm or ova are almost 
endless. It is not unusual to find that 10 to 15 per cent of the sperm 
in semen samples of normal bulls have easily recognizable morphologic 
abnormalities, and the number of physiologic abnormalities is probably 
greater. There is reason to believe that failure of fertilization or failure 
of the zygote to cleave and differentiate may be due to abnormal sperm 
and/or ova. It is well known that many embryos do not survive because 
of abnormal implantation. This could result from endocrine imbalances, 
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an improperly prepared or damaged endometrium, disease, or inherent 

abnormalities of the embryo. 

Fetal death, followed by absorption or abortion, may occur at any 
stage of pregnancy. As described previously, abortion is not a specific 
abnormality. It may occur as the result of several genital diseases 
nutritional deficiencies, or through injury. An attempt to arrive at tl 
cause of every abortion should be made. 

Fortunately, many of our fertility problems can be corrected by tne 
practice of good breeding management. As will be discussed in the 
following chapter, mating at the proper stage of estrus and the correct 
training and use of breeding males will do much to maintain a high con¬ 
ception rate. Care in the selection of disease-free breeding stock, isola¬ 
tion of newly purchased animals, and periodic health examinations are 
more effective than treatment. When disease strikes, however, treat¬ 
ment should be prompt to check the spread of genital diseases. 
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CHAPTER VII 


BREEDING MANAGEMENT PRACTICES 


As stressed in the previous chapter, there is a sharp distinction between 
sterility and lowered fertility. There are many causes of each. Some 
of the causes are beyond correction, and some can be treated if properly 
diagnosed. Fortunately, one of the most important causes of subopti¬ 
mum fertility is the use of poor breeding management practices. In 
order to give each animal the maximum opportunity to reproduce itself 
we must thoroughly understand the anatomy and physiology of the 
genital organs, the characteristics of the semen, the length of estrus, 
the time of ovulation, and the normal conception rate of each species. 
We must understand the normal amount of sexual use of which the males 
of each species are capable and the relation between age, growth, and 
breeding efficiency for both males and females. Each species has its 
own peculiar problems. Some of these problems have been discussed 
in the preceding chapter and may be referred to again for emphasis. 

General Management of Males. Cattlemen have long made the 
statement: “The bull is half the herd.” Many herdsmen would do well to 
remember how important the sire is when they arrange his quarters, and 
feed and care for him. The sire is often placed in that part of the barn 
that cannot be used for anything else. A sire should be kept where 
he can keep dry, can exercise or not as he wishes, will have access to 
pasture in season, can see other animals, and where he will be readily 
available for service. The scrub bull allowed to run with cows is fre¬ 
quently better cared for than the purebred bull confined to a box stall. 
Males are usually larger than females; this is sometimes interpreted to 
mean that they should therefore be able to thrive on coarse roughage 
that females will not eat. 

Even more unfortunate is the male which is continually kept in a show 
condition. With prolonged fattening many males become sluggish, 
exhibit low sex desire, have difficulty in serving females, and have a low 
conception rate. It should not be concluded that fattening always leads 
to infertility, but the burdens placed on the overfat animal are as severe 
as obesity in man, which is now regarded as a serious medical problem. 

The question of exercise for breeding animals is a favorite one among 
livestock men. Individual animals vary in exercise requirements and 
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satisfactory are unable to serve because of sore or diseasea b 

Forced exercise is sometimes given, but it can be ovei o ■ 
lions have been given so much roadwork that they » too tired to 
serve. In some large bull studs all bulls were given a certain amount of 

exercise each day. It was soon observed that bad as well as go 

~ l 


resulted. The correct amount for some fat, sluggish bulls was an unnec¬ 
essary drain of energy for others. 

Depriving an animal of the opportunity for exercise may lead to a lack 
of physical fitness. The maintenance of males in good health and vigor 
requires a combination of wise feeding and handling. 

There is good practical evidence to indicate that the breeding habits 
of males should be established by proper training and not be allowed to 
develop in a hit-or-miss fashion. If a male’s first attempts at service are 
unsuccessful, it may require great patience to get such animals to work 
satisfactorily. We should be sure that the females to be served are in 
heat and will stand quiet. Large females should be placed in a breeding 
rack or should be restrained in such a way that the male can reach her. 
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Slippery footing is one of the chief barriers to satisfactory service. The 
male may become injured or discouraged if he falls as he attempts service. 
When mating is carried out inside a building, attention should be given 
to the height of the ceiling and to obstructions in the pen. Head injuries 
of the sire because of service in a low-ceilinged barn do occur. 

Our first practical rule is that males be mated with the females which 
are physically suited as to size. Second, the sire must have sufficient 
sexual drive to complete service. If he cannot do this, either he is not 
ready for use or he is being mishandled. Third, when a sire serves 
willingly and without difficulty and settles a normal number of females, 
he is probably being used wisely. Patience and kindness in the training 
of young sires is usually well repaid. 


Sellers of purebred males of breeding age should be sure that the 
animals are capable of mating before they are delivered. Many of the 
specialized boar producers have found that training boars for service 
prevents the return of many males as nonbreeders. Commercial swine 
producers expect a boar to be able to service gilts and sows under herd 
conditions without a prolonged conditioning period. 

Sires should be purchased subject to their ability and willingness to 
serve and their success in impregnating healthy females. The legal 
interpretation of fertility may not satisfy the practical livestock breeder. 
The fact that a sire produces some offspring usually satisfies the legal 
requirements. We should expect males to measure up to the average 
fertility of the species. If more purchasers would demand guarantees 
including such definite points as normal fertility and freedom from 
genital diseases, there would be fewer dissatisfied customers. 

Every purchase of a sire is a hopeful experiment. The new owner 
hopes that the male will transmit the factors for rapid and efficient 
growth, high milk, meat, wool, or egg production. Each purchase is an 
experiment in that fertility and freedom from disease will be in doubt 
until normal healthy offspring have been born. The measurement of 
the performance of the young takes even longer. Over a period of years 
the choice of sires is the difference between success and failure in the 
livestock business. 

Use of Bulls. Practical cattlemen believe that a well-developed 
yearling bull should be expected to service at least 25 cows between his 
first and second years and that older bulls should be able to service 50 to 
75 cows annually provided the services are well spaced. When cattle 
are being bred to calve throughout the entire year it is obvious that a 
single bull will be able to service a sizable herd if hand mating is used. 
If the breeding season is confined to two or three months so that the cows 
will calve in the spring, and if the bull is allowed to run with the cows, 
it is equally obvious that the male will not be as efficiently used. 
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When bulls are allowed to run with cows under range cond^ions dujmg 

a limited breeding season, the proper numbe average conditions a 

with the size and topography of the rang . L d lo ^ ycar i in g 

mature bull can service 25 to 35 cows, 

20 to 25 cows. reDeated ejaculations on 

In experiments to determine the effect of repawn . o 7 . ho ur period. 

semen quality, one bull was allow then declined 

The number of sperm remained high unt mate this often. This 

rapidly. Many bulls would not be willing to °" u against 

sort of experiment indicates that nature tends to protect the h 



F,o. 49. Bull exerciser driven by an electric motor. (Courier* of Dairy Breeding Research 
Center, the Pennsylvania State l nuersity.) 


sperm depletion. We do not suggest that this rate of service should be 
allowed. Some bulls can serve every 3 or 4 days for long periods 
time without ill effects. A mature bull should be able to serve 4 or 5 
cows on a particular day provided he is then given several days of rest. 

In well-organized bull studs for artificial insemination the usual prac¬ 
tice is to collect from each bull at 5- to-7-day intervals. In most cases 
two successive ejaculates are obtained at each weekly collection period. 

Research findings suggest that bulls might be used considerably more 
often than at the rates given above. Baker et al. (1955) found that in 
Holstein bulls sexual interest in females occurred at 29 weeks of age and 
ejaculation at 39 weeks. Semen volume and sperm numbers increased 
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rapidly from 1 until 1 1/2 years of age, and the bulls could be ejaculated 
once or twice each week without reduction in semen quality. Yearling 
bulls given the opportunity to ejaculate three times weekly appeared to 
suffer no decline in semen quality but would not always serve. Bratton 
and Foote (1954) reported that in mature dairy bulls one ejaculation 
every 4th day or 2 collections every 8th day for as long as one year did not 
reduce total sperm production or fertility, as measured by actual insemi¬ 
nation of more than 25,000 cows. It was calculated that using con¬ 
ventional artificial-insemination procedures, 10 bulls ejaculated twice 
every 8 days could service 750,000 cows. 

The role of the bull in conception rate should not be overlooked. 
Bulls whose semen appears within the normal range by laboratory 
standards may vary considerably in their ability to produce pregnancy. 
It is likewise recognized that bulls influence the prenatal death rate in 
the females to which they are bred (Hawk et al., 1955). 

Several experiments have been conducted to evaluate measured 
amounts of exercise on semen quality and conception rate in dairy bulls 
used in artificial breeding. Snyder and Ralston (1955) studied 16 exer¬ 
cised and 16 nonexercised Holstein and Guernsey bulls for a 6-month 
period. The 60-to-90-day nonreturn rate for the exercised bulls was 
63.8 per cent, and for the nonexercised bulls 65.0 per cent; over 30,000 
cows were inseminated. Neither libido nor physical condition was 
affected. 

Use of Boars. There is surprisingly little experimental evidence as to 
the effects of age and sexual use upon semen quality, conception rate, and 
litter size in swine. It is well known that swine mature sexually at an 
early age in comparison with other farm animals. Sexual maturity, as 
measured by the presence of spermatozoa in the testes, has been reported 
to range from 110 to 180 days. However, most of these studies have 
been concerned only with the testes and not with sex drive, semen quality, 
and conception rate. Wiggins et al. (1951) found that in several lines of 
inbred boars first mating occurred at an average of 205 days but was 
delayed in some males until nearly one year of age. Hauser et al. (1952) 
reported that in non-inbred boars mating took place in the majority by 
6 months of age. 

There appears to be a discrepancy between laboratory studies on 
semen production of postpubertal boars and the breeding practices used 
by successful swine producers. McKenzie et al. (1938) showed that, 
when boars were ejaculated at intervals of 24 hours or less, marked 
declines occurred in semen volume, sperm concentration and total sperm 
numbers, and duration of sperm motility. Two of three boars used at 
12-hour intervals temporarily refused to mate after three or four ser¬ 
vices. Russian workers concluded from their studies that boars should 



BREEDING MANAGEMENT PRACTICES 


143 


not be used more than twice, and preferably once, in a 24-hour period. 
Yearline boars, it was reported, should not be used oftener than every 
other day if they are to be used for as long as two weeks. Indiana surveys 
have shown that swine breeders agree that mature boars can serve 2 or, 
occasionally, 3 sows daily. Nearly all the producers questioned reported 
that boars 9 to 12 months of age could be used as frequently as older 

males without affecting breeding efficiency. 

It is felt that some reservations need be made in regard to the frequency 
of use of boars. The incidence of 10 to 20 per cent of nonpregnant sows 
in otherwise successful swine herds and the frequent occurrence of litters 
of two to four pigs cannot but raise the question as to the role of the boar 
in this problem. Studies at the Indiana, Illinois, Missouri, and Wisconsin 
stations have shown that many sows which failed to conceive following 
repeated services on farms have become pregnant on the first service 
when taken to the experiment stations. It cannot be concluded that the 
previous infertility was attributable to the boars used, but it does suggest 
that the optimum use of boars may fall somewhere between the recom¬ 
mendations of the research worker and the swine producer. 

Use of Rams. Under practical conditions age is not an important 
factor, since most rams are not used for breeding until their second fall, 
when they are about 18 months of age. Purebred breeders would do 
well to use early ram lambs during the first fall breeding season in order 
to observe their transmitting ability. Wiggins et al. (1954), in a study 
extending over 15 years, found that well-developed ram lambs produced 
excellent fertility when mated with 20 to 40 females during a 30-day 
breeding season. Yearling and older rams should be able to serve 40 to 
50 ewes, whether mated on pasture or by hand, and mature vigorous 
rams have been known to impregnate as many as 80 to 90 ewes when 


hand-mated. 

Under experimental conditions it has been shown that in a ram which 
was allowed 42 services during a 9-hour period 100,000,000 sperm were 
still present in the last ejaculate. 

Stud rams should be kept as cool and as comfortable as possible. In 
warm climates it is a good practice to keep the rams shorn during the 
summer. Plenty of good pasture and shade should be provided. Semen 
quality is reduced during extreme hot weather. 

In males that are not used sexually for long periods of time the sperm 
which are stored in the vas deferens may become useless. Many breeders 
allow a ram to breed one ewe several times in succession early in the 
breeding season to get rid of some of these senescent sperm. Some 
breeders use a “teaser” ram to pick out ewes which are in heat and hand- 
mate these to the stud. This can be done by tying an apron in front 
of the sheath so that service cannot be completed. Such teaser rams are 
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turned in with the flock in the morning and evening to point out the ewes 
in heat. 

When flock mating is being used the shepherd can get an idea of the 
ram’s breeding activities by painting the brisket of the ram with linseed 
oil to which carbon black or colored pigment has been added. When 
the ram serves he marks the ewe. Paint should not be used, since it 
harms the wool. A patented device which contains colored marking 
material and can be attached to the ram’s brisket is commercially 
available. 

Use of Stallions. Stallions should be used sparingly until they are 
3 years of age. There are wide differences between breeds of horses as 
to size and temperament. Willingness and ability to serve mares readily 
should be considered in the breeding management of stallions. 

During the first part of this century stallions were driven or ridden 
from farm to farm, or they were stood in a public place where they bred 
all mares which were in heat. Studs were often mated to 6 to 8 mares a 
day. The heavy use of the stallions and the random mating of mares 
during all stages of heat explain the poor fertility obtained. By such 
methods only half the mares bred produced foals, and even on farms 
when use of the stallion was limited to one herd of mares the foal crop 
was often less than 50 per cent. 

A healthy mature stallion should be able to perform one service daily 
for long periods of time. Stallions may occasionally be allowed three or 
four services per day but should then be given several days of sexual rest. 
Since artificial insemination is so easily performed in horses, there should 
be no need of giving more than two services daily. One ejaculate, when 
divided for insemination, is sufficient for 3 to 5 mares. 

General Management of Females. There is no one system of manage¬ 
ment that will ensure maximum fertility in all types of farm animals. In 
any nation as large as the United States, or in other areas of the world, 
local conditions will often limit the systems which can be used. The 
New’ Jersey dairyman, for example, expects to produce about the same 
number of calves during each month of the year, whereas the climatic 
and range conditions of the Wyoming rancher limit his calving season to 
the spring months. 

Under some cattle-breeding conditions it may be a poor practice to 
allow a bull to run with the cows. The producer of beef cattle, on the 
other hand, most generally depends entirely upon pasture or range 
breeding. We should like to emphasize, therefore, that a good practice 
under one set of conditions may be a poor one under other circumstances. 
Such questions as hand mating vs. herd or flock mating, artificial insemi¬ 
nation vs. natural service, and the two-litter- vs. the one-litter-per-year 
system with swine must be decided on the basis of local conditions. 
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usually fed various types of milk substitutes. Dairy calves can and do 
flourish under artificial conditions, but they will not thrive in the hands 
of a careless herdsman. Calves born during the late fall and winter 
months are particularly subject to scours, pneumonia, and other diseases. 
These diseases result in poor growth and lack of thriftiness, may delay 
puberty, and perhaps influence later performance. 

Many calves, lambs, and foals are roughed through their first winter. 
It should be borne in mind that there are different ways of “ roughing it. 
If the animals remain in good health and vigor, even though their winter 
gains are small, they will usually gain very rapidly when turned on 
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pasture in the spring. There is a balance between proper feeding and 
overfeeding. We caution against selecting females from the feed lot. 
The fattest ones may not actually represent the type we are striving for; 
excessive fatness and high breeding efficiency do not always go together. 


Table 6. The Reproductive Cycle in Farm Animals 


Species 

Length of 
estrual cycle, 
days 

Length of estrus 

Usual time of 
ovulation 

Length of 
gestation, 
days 

Age at 
puberty, 




Av. 

Range 


Av. 

' 

Range 

months 

Marc.. 

21 

10-37 

5-6 days 1 

1-14 days 

24-48 hr. 
before end 
of estrus 

336 | 

310-350 

10-12 

Sow... 

21 

18-24 

2-3 days 

1-5 days 

18-60 hr. 
after estrus 
begins 

112 

111-115 

5-7 

Ewe... 

16 

14-20 

30 hr. 

20-42 hr. 

1 hr. before 
end of 
estrus 

150 

140-160 

4-8 

Goat.. 

20 

12-25 

36-48 hr. 

20-80 hr. 

Near end of 

estrus 

151 

140-160 

4-8 

Cow.. 

l9-21i 

16-24 

16-20 hr. 

8-30 hr. 

10-14 hr. 
after end of 

estrus 

281 

274-291 

4-8 


Young females should grow at the normal rate for the breed, but they 
should not be excessively fat. When animals arc lacking in feed to the 
point of emaciation, both growth rate and onset of sexual maturity are 
delayed. 

CATTLE-BREEDING PRACTICES 

Characteristics of the Estrual Cycle. As outlined earlier, the reproduc¬ 
tive process in the female is a cyclic one. The reproductive cycle is 
called the estrual cycle. The length of the cycle is from the moment 
heat, or estrus, begins until the moment heat begins in the succeeding 
cycle. It is difficult to distinguish whether or not a cycle is abnormal 
merely by knowing its length. Some cows which have unusually short 
or long cycles do become pregnant. The same is true of cows with short 
or long heat periods. The statistics used, therefore, are those of the 
average normal cow. The total length of the average estrual cycle is 
19 to 21 days, but it may range from 16 to 24 days. Estrus usually lasts 
from 16 to 20 hours; but some cows stay in heat only a few hours, others 
more than a day. Cattle are unique among the farm animals in that 
ovulation consistently occurs from 10 to 14 hours after the end of heat. 
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Breeding Efficiency of Cattle. Th * r !™^“ (1943) sum- 

cattle ranges from 5 ® P er J* investiga ti 0 ns of the breeding efficiency 
marized the data of 16 decent mvest gaUon of , 801 cows 

at natural serv.ce of nearly aM°0 0 xima tely 78 per 

only 1.32 services per conception per cent on the second, 

cent of the cows conserved »n ‘he *£££££&*,, or later service. 
4.5 per cent on the th,rd - »" d ; ^ d f 1151 C0W8 in which the 

M the other extreme a^^utsofartudy , of only one 

average serv.ce per concepUonwas but when the data are 

more service per pregnancy iW »ot » 8 ^ conceived on the 

examined it is seen that only the co and 

^WhenThe data from all sources were summarized it was found that 
1 79 services per conception were required. This figure is fair y yP ‘ 

If the ^erage cattle herd in the United States. In occasional well- 
managed disease-free herds 70 to 80 per cent of the cows may conceive 
the first service. We believe that this degree of efficiency can be 
attained if the best practices are used. In poorly managed herds, or m 
animals in which there is a high incidence of gemtald.seasesbrcedg 
efficiency may be less than 40 to 50 per cent. Data on 16,555 coins 
showed that 64.3 per'cent conceived on the first service, 19.9 per cen 
onThe second, and 8.5 per cent on the third service. Approximately 
7 ner cent required four or more services. These animals were all 
naturally mated. The breeding results which are being obtained m 
artificial-insemination associations throughout the United States are 
very similar to those for natural service. As a rule animals which fail 
to conceive following repeated natural service by a fertile sire cannot 
expected to become pregnant when artificially inseminated. 

The breeding efficiency of beef cattle under range conditions is usual y 
expressed in terms of the annual calf crop, since the bulls are allowed to 
run with the cows during the breeding season. The calf crop on the 
range may be as low as 40 per cent and occasionally as high as 90 per cent. 
Baker and Quesenberry (1944) studied the breeding and calving records 
at the U S. Range Livestock Experiment Station, Miles City, Montana, 
for an 18-year period. The average calf crop during 4,753 conv years 
was 83.1 per cent. The calf crop varied from 66.1 per cent following 
the severe drought of 1936 to 92.5 per cent in 1939. An analysis of the 
data did not show age to be significantly correlated with fertility, but it 
was revealed that over 50 per cent of the shy breeding cows could be 
identified by 4 years of age. 
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Optimum Breeding Practice. When heat is first observed in the 
morning, it is recommended that service be given during the afternoon 
of the same day, since breeding in about the middle of the heat period 
has been shown to give optimum results. When it is known that estrus 
began in the afternoon, it is desirable to breed during the late evening, 
since the cow may be out of heat the next day. In such cows, if heat 
persists the following day, a second service on the second day may 
increase the conception rate. In artificial-insemination practice cows 
first found in heat in the afternoon are inseminated early the following 
morning. 

The fact that cattle ovulate following the end of heat makes postcstrual 
insemination possible. This has led some herdsmen to believe that cows 
can be inseminated at any time without respect to heat. This false 
impression can have adverse effects on breeding efficiency. If insemina¬ 
tion is carried out within six hours after the end of heat, the chances of 
pregnancy are good. Under practical farm conditions there is nothing 
to be gained by two services in quick succession. There is some evidence 
that cows with exceptionally long heat periods or those in which ovula¬ 
tion may be delayed may benefit from two services at different times 
during heat. Natural service at mid-estrus followed by artificial insemi¬ 
nation shortly after the end of heat may be helpful. 

Cattle-breeding Problems. The conception rate of heifers bred at 
12 to 14 months of age is near the average for all cows. Age at calving 
poses more of a problem than age at breeding. In dairy cattle which are 
fed well throughout pregnancy and during lactation normal growth of 
the heifers can be expected. However, since first-calf heifers experience 
more difficulties at calving than do older cows, dairymen must expect 
to be more vigilant at calving. The chief advantage of breeding beef 
heifers as yearlings is to gain an extra calf, and this is the practice in some 
beef-producing areas. If this system is to be used, several points should 
be kept in mind. The heifers should be large for their age and weigh 
GOO lb. or more at breeding. They should be well fed to gain about one 
pound per day during pregancy. There will be more calving difficulties 
than with the older cows, and the herdsman must have the training and 
facilities to handle difficult parturition. Some ranchers breed yearling 
heifers of other breeds to Angus bulls, since it has been reported that the 
crossbred calves will have a shorter gestation period and be lighter at 
birth. This is not always true. Some ranchers breed yearlings to small, 
light-boned bulls in the hope of producing smaller calves at birth. This 
practice can be detrimental if the progeny of small cattle are saved in 
the breeding herd. 

Cattle should not be rebred too soon following calving. The uterus 
must undergo extensive involution after parturition before it is prepared 



BREEDING MANAGEMENT PRACTICES 


149 





No. of 

cows 

from one service 

Time of service 

bred 

No. 

Per cent 


25 

11 

44.00 


40 

33 

82.50 

a AA 


25 

21 

84.00 

Bred at middle of estrus and rebred in noum. 

40 

30 

75.00 


194 

123 

63.40 


40 

25 

62.50 

32.00 
28.00 


25 

8 


25 

7 


25 

3 

12.00 


25 

2 

8.00 

36 hours after estrus .. 

25 

0 

0.00 


• TniMBrnaiR and Davis. 19-43. 


[or a new pregnancy. A recent study of this problem by Buch etal. 
(1955) in Holsteins showed that the average first heat after calving 
occurred at 33 days but that involution rcqu.red an average of 47 days. 
As reviewed in the report, most in¬ 


vestigators have found that dairy 
cows can be rebred with good re¬ 
sults from 60 to 75 days after calv¬ 
ing. Warnick (1955) found that 
the average interval between calv¬ 
ing and first estrus was 60 to 63 
days in Angus and Hereford cows. 

One of the most perplexing prob¬ 
lems in cattle breeding is the cow 
which appears to be anatomically 
normal, has no recognizable genital 
disease, has normal estrual cycles, 
but fails to conceive when mated 
with apparently normal bulls. This 
has been the subject of many in¬ 
vestigations over a long period of 
time; space will not permit adequate 
reference to even the key studies. 



Fio. 51. Relationship between time of 
insemination and breeding efficiency in 
dairy cattle. (A da pled from the data of 
Trimberger and Davis (1943). Nebr. Agr. 
Ezpt. Sta. Res. Bui. 129.) 

Hawk et al. (1955) reported that in 


dairy cattle the probable fertilization rate of repeat-breeder cows is about 
61 per cent. In cows of this type killed on the 16th day after service 
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about 58 per cent had normal embryos. In a comparable group killed 
at 34 days only 28 per cent had normal embryos. This suggests that a 
52 per cent death rate occurs between 16 and 34 days of pregnancy in 
such problem cows. The determination of the cause and its correction 
would be of great benefit to cattle breeders. 

There are a few reproductive characteristics of cattle which differ 
from those of other animals. Cows have shorter heat periods than the 
other farm animals. It is easy, therefore, to fail to detect heat. When 
cattle appear to miss heat periods and have cycles of 38 to 42 days there 
is a good chance that a heat period has occurred without detection. The 
importance of a system of regular observation and recording of the heat 
periods cannot be overemphasized. The fact that cattle ovulate after 
heat has ended also puts them in a special class. Obviously not all cows 
ovulate at the same time with respect to the termination of estrus. 
Abnormal ovulation time may cause infertility in otherwise normal cows. 
Breeding more than once may be helpful in such animals. When 
unusual ovarian activity is suspected, a trained veterinarian can verify 
it by rectal examination. 

Cattle are subject to several reproductive disturbances. The free- 
martin condition is more or less unique in cattle; 90 per cent of the heifers 
born twin to a bull are sterile. For this and other reasons twinning is not 
a desirable trait in cattle. The occurrence of cystic ovaries is more com¬ 
mon in cows than in other animals, although it does occur in sows and 
mares. Cattle have a higher incidence of genital diseases than other 
farm animals. Brucellosis is a national problem, and trichomoniasis, 
vibriosis, leptospirosis, and infectious vaginitis can be troublesome when 
established. The occurrence of abortion or any abnormal genital dis¬ 
charge should be investigated at once. 

SWINE-BREEDING PRACTICES 

Characteristics of the Estrual Cycle. In swine the total length of the 
estrual cycle varies from 18 to 24 days and averages approximately 
21 days. Estrus usually lasts 2 or 3 days but may vary from 1 to 5 days. 
Ovulation may occur over a wide period during heat, the largest percent¬ 
age of ova being liberated between 18 and 48 hours after the beginning 
of heat. Nonlactating females exhibit estrus at more or less regular 
intervals throughout the year. Lactating females may exhibit estrus 
within a few days after farrowing, but the normal estrual cycles are not 
resumed until a few days after the pigs are weaned. Some variations in 
this pattern will be discussed later. 

Breeding Efficiency of Swine. Swine have generally been considered 
to be the most fertile farm animals. This idea probably developed 
because swine are the most prolific of the farm mammals. The data 
which are available on the breeding efficiency of swine do not tend to 
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COnC Z?Z*4 thl and 1.5 percent required four services. In a 
subsequent report Phillips and Zeller (1941) presented data on conception 
failures in 1,354 breeding seasons in six breeds. By estimalting t 
number of ova produced by the different breeds at the time of ovulat o 
and comparing the estimates with actual breeding and farrow,ng data 
these workers have attempted to account for the losses of ova which 
occur Their estimates of the per cent of ova lost are as follows: (a) 
failure of conception. 36.4 per cent; (6) loss from conception to parturi¬ 
tion 19 9 per cent; (c) loss from parturition to weaning. 14.6 per cent, 
and'(d) loss at parturition. 2 per cent. This leaves 27A per cent of the 
ova which have the chance to be fertilized represented by live pigs at 
weaning. When the fertility of swine is considered from this standpoint, 
reproductive efficiency seems very low. It has been known for many 
years that in pregnant sows examined in the slaughterhouse, only about 
70 ocr cent of the ova which have been produced are represented by 
normally developing fetuses (Hammond. 1921). Thus, when the fertility 
of swine is considered in terms of females which do not conceive, those 
in which few ova are fertilized, the high mortality of fertilized ova. and 
losses at parturition and prior to weaning, it is evident that a serious 
and challenging problem exists. 

Optimum Breeding Practice. Uncertainty as to the length of estrus 
and the probable time of ovulation of each individual sow makes the 
breeding problem more difficult than in cattle. Females with heat 
periods of about 48 hours probably begin to ovulate as early as 18 hours 
after heat begins, and sows which stay in heat 72 hours probably ovulate 
during the latter part of the second day of heat. Therefore, if it is 
known that certain females tend to stay in heat two days, they should be 
mated late during the first day of heat or early during the second day. 
Females which stay in heat three days should be mated during the first 
part of the second day of heat. There is evidence that boar sperm live 
longer in the sow than bull sperm in cows, and breeding prior to ovulation 
is essential for a high conception rate (Burger, 1952). If adequate 
numbers of boars are available, breeding more than once may increase 
conception rate and litter size (Weaver and Bogart, 1943; Squiers et al. f 
1952). A female known to have short heat periods should be mated on 
the first day of heat, and animals which stay in heat several days should 
be bred more than once. 

Swine-breeding Problems. There is a surprising lack of information 
about the age at which gilts experience the first normal estrual cycle and 
about the age at which maximum fertility is attained. It appears that 
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there is considerable variation within the principal swine-producing areas 
of the United States. On well-managed swine farms weights of 200 lb. 
are frequently attained at 5 months of age and are expected at 6 months 
of age. It is also expected that gilts farrowed in January, February, and 
March will be bred during the fall breeding season. Practical swine 
breeders recognize that litter size increases with the age of the gilt up 
to about 15 months of age but not beyond that point. University of 
Wisconsin studies have shown that gilts born in late winter are older at 
puberty than those bom in the summer or fall and may not have satis¬ 
factory fertility until about 8 months of age. Studies by Robertson 
et al. (1951) and Self el al. (1955) have shown that from 0.8 to 1.9 more 
ova are produced at the second estrus than at the first heat period which 
a gilt exhibits. It would seem wise to postpone breeding in gilts until 
at least the second heat period. 

The optimum nutritional regime for the production of breeding stock 
is unknown. However, it is well known that severe feed restriction will 
reduce growth and retard sexual maturity. It is also generally agreed 
that the selection of exceptionally fat gilts from the feed lot is a poor 
breeding practice. Feeding to produce maximum growth and feed 
efficiency is commonly used as one basis of selection of breeding gilts. 
Warnick et al. (1951) found that in some inbred lines of swine the animals 
which were heaviest at 5 months of age reached sexual maturity later 
than the slower-gaining lines. Self el al. (1955) reported that self-fed 
gilts weighed 128 lb. at 5 months and reached puberty at 222 days, 
whereas gilts fed at two-thirds the self-fed level weighed only 108 lb. at 
5 months but experienced estrus at 206 days. Self, and others, also 
found that full-fed gilts produced from one or two ova more at either the 
first or second heat periods than limited-fed females; but the full-fed 
gilts with the highest ovulation rate also had the greatest embryonic 
mortality. Work is under way to develop systems of feeding and man¬ 
agement compatible with maximum embryonic survival, since it appears 
that this is one of the important problems in litter size. 

Increased specialization in swine production, early weaning, and con¬ 
tinuous farrowing systems have led to renewed interest in the reestab¬ 
lishment of the estrual cycles after farrowing. It is well known that 
some sows come in heat a few days after parturition and will mate if 
given the opportunity. As reviewed by Baker et al. (1953), from 50 to 
90 per cent of the females of a number of different breeds exhibited a 
postpartum heat period, but ovulation was rare and only 2 of 78 mated 
sows conceived. In a detailed study of two British breeds, the Large 
White and Large Black, Burger (1952) showed that all of 52 Large Black 
sows came in heat within 63 hours after farrowing and that the Large 
Whites came in heat from 9 to 90 hours after farrowing. Of 13 sows 
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8 to 16 days after parturition. Little is known of the involution of h 
uterus after farrowing and early weaning, but it appears that swine 
nroducers practicing early weaning and rebreed.ng are obtaining satis- 

parlv weaning has no effect on subsequent fertility. 

The long-recognized high rate of embryonic mortality in swine remains 
one of the principal breeding problems. It appears to be influenced by 
plane of nutrition, disease, e.g., brucellosis, unfavorable uterine environ¬ 
ment, such as overcrowding, condition of the ova at the .me of fertiliza¬ 
tion, genetic make-up, and probably numerous unknown factors. What¬ 
ever its cause, it has an important bearing on litter site when it is con¬ 
sidered that from 10 to 40 per cent of the ova produced fail either to be 
fertilized or to develop normally. 

SHEEP-BREEDING PRACTICES 


Characteristics of the Estrual Cycle. The outstanding characteristic 
of the reproductive cycle of sheep is its seasonal periodicity. It has been 
hypothesized by Hafez (1950) that the origin of the various breeds of 
sheep, with respect to latitude and thus differences in day length, is 
correlated with their seasonal breeding behavior. Sheep from northern 
Britain, such as the Border Leicester, begin to come in heat about 17 
weeks after the longest day. The breeds which originated in southern 
England have a somewhat longer breeding season, and the Dorset and 
Merino, having originated further south, have cycles beginning about 
four weeks after the longest day. Sheep at the higher altitudes near the 
equator tend to reproduce throughout the year. 

In the United States most breeds of mutton sheep exhibit estrus from 
August through January, and maximum fertility is usually attained 
during late September. Breeding practices in the range states vary 
with local conditions. In the Southwest and Pacific Coast states ewes 
are frequently bred to lamb from January through March. In colder 
areas most range ewes are lambed in May. In areas where out-of-season 
lamb production is practiced Dorset X Merino ewes have been popular 
because of their tendency to breed during the spring and summer. 
Ewes of this type, however, do not consistently produce large out-of- 
season lamb crops, and procedures for consistently producing such lambs 
would be of considerable practical importance. 

The time relationships of the estrual cycle are more predictable in 
sheep than in any other farm animal. The average length of the entire 
cycle is 16 days, with a normal range of 14 to 20 days. Heat tends to 
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last about 30 hours, with a range .of 20 to 42 hours, and ovulation nor¬ 
mally occurs about one hour before the end of heat. 

Breeding Efficiency of Sheep. Excellent reviews by Desai and 
Winters (1951) and Reeve and Robertson (1953) present data for nearly 
all breeds of sheep from all parts of the world. Since sheep are usually 
flock-mated, the number of sen-ices per conception is difficult to deter¬ 
mine, and fertility is usually expressed in terms of the number or per¬ 
centage of lambs born to each 100 ewes in one breeding season. Ewes 
lambing at one year of age tend to have fewer lambs than older females, 
but under good farm conditions they may have lamb crops of from 100 
to 120 per cent. Mature ewes of the mutton breeds, if well managed, 
should be expected to produce from 150 to 160 lambs per 100 ewes. A 
study by Terrill and Stoehr (1942) with Columbia, Corriedale, and 
Rambouillet ewes under range conditions showed that from 90 to 97 
per cent of the ewes lambed. From 110 to 126 lambs were bom to each 
100 ewes, 89 to 97 per cent were alive at birth, and 81 to 93 lambs were 
weaned per 100 live lambs born. 

Optimum Breeding Practice. Most ewes are flock-mated by rams 
allowed to run with them during the breeding season. A fertile yearling 
or older ram should be able to serve at least 40 to 50 ewes. In order to 
facilitate service the wool in the tail region of the ewe should be trimmed 
at the start of the breeding season. If hand mating is being used, the 
ewes should be checked twice daily for evidences of heat. Vigorous 
young rams are often used to detect heat, and the ewes are then hand- 
mated to a more valuable ram. If only a single service is possible, it 
should be given at approximately the middle of the heat period. 

Sheep-breeding Problems. An objective of many sheep breeders is 
the production of a high percentage of twin lambs. From 1 to 2 per cent 
of the ewes produce triplets, and from 0.02 to 0.10 per cent have quad¬ 
ruplets. However, size of lamb and survival rate are greatly reduced in 
triplets, and triplets are not considered desirable. Age is a factor in 
twinning, and maximum prolificacy is attained at four to five years of age. 

It is well known that the first estrual cycle at the start of the breeding 
season may be abnormal in that ovulation may occur without estrus, and 
similar behavior has been observed at the end of the breeding season. 
Although there have been reports that twinning is higher at the beginning 
than at the end of the season, it appears that the greatest number of 
twins is conceived at about the middle of the breeding season (Reeve 
et al., 1953). 

One of the oldest of sheep-management practices is known as flushing. 
Although there are many ways of carrying out this procedure, flushing 
is usually defined as an improvement in the nutritional status of the ewe 
carried out during the breeding season for the purpose of increasing 
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ra te and twinning (Reeve el aL, 1953). The results may vary 
widely depending largely upon the level of nutrition and general well¬ 
being of the ewe prior to the breeding season. If the ewes are thm, the 
use of grain or good-quality pasture has been shown to mcrease both con¬ 
ception rate and twinning. If sheep are in high condition, it is unlikely 
that additional feeding will have any beneficial effect. Many sheep 
breeders believe that ewes should be in a gaining condition during the 
breeding season and during pregnancy and should definitely not be fat 


at the time of breeding. .... . , _ 

Many attempts to induce out-of-season breeding in sheep have been 

made in all parts of the world. This topic was reviewed by Robinson 
(1954). Cole and Miller had demonstrated as early as 1933 that ovula¬ 
tion can be produced during the nonbreeding season by the injection of 
gonadotropic hormones but that estrus did not always coincide with 
ovulation. Although gonadotropic-hormone treatment has occasionally 
been followed by estrus, ovulation, and conception, its practical use has 
been limited because of its unpredictable and often negative response. 
Robinson, Dutt, and others have shown that if progesterone is given 
prior to the administration of the gonadotropic hormone estrus and 
ovulation can be induced simultaneously, but the practicability of the 
method has as yet to be field-tested. 

Numerous experiments involving the regulation of light and tempera¬ 
ture in an effort to regulate reproduction have been made or are in prog¬ 
ress. As summarized by Yeatcs (1954), Hammond (1938), Sykes and 
Cole (1944), and Yeates (1947) clearly showed that a reduction in day 
length is associated with the onset of the sexual cycle in sheep. Several 
combinations of light and dark have been investigated, but in general 
10 hours of light and 14 hours of darkness will induce estrus or at least 
stimulate ovarian activity. As yet conception rate is low, but it is 


hoped that modifications in procedure may improve the results. Dutt 
and Bush (1955) investigated the effects of temperature held constant 
between 45° and 48°F. in the presence of a “normal” light environment. 
The sheep were kept in an air-conditioned room in which large windows 
admitted normal seasonal amounts of light in Lexington, Kentucky. In 


these studies rams were kept under the same environmental conditions 
as the ewes. Animals placed in the cooled room on May 26 exhibited 
average first estrus on July 10, in contrast with September 2 for ewes in a 
similar noncooled room. Cooled ewes bred to cooled rams had a con¬ 


ception rate of 1.9 services per pregnancy and lambed in December, in 
comparison with February for the nontreated ewes. 

Sheep do not have as many reproductive problems as cattle and swine. 
The only serious genital disease is vibriosis, which causes abortion, but 
fortunately its incidence is low. With the exception of cryptorchidism 
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there are few anatomical defects of the genitalia. Until recently there 
was little information about embryonic mortality in sheep. Dutt (1954), 
in a study of fertilization rate and embryonic development in ewes 
between August 24 and October 6, found that 55 per cent of the ova were 
cleaved, and he estimated that 24 per cent of the cleaved ova did not 
develop normally. Of all ova produced, 21 per cent were classified as 
abnormal by the third day after breeding. 

HORSE-BREEDING PRACTICES 

Characteristics of the Estrual Cycle. There is more variation in the 
estrual cycle of the mare than in any other farm animal. In reasonably 
normal mares the length of the entire cycle ranges from 10 to 37 days and 
averages about 21 days. The average mare stays in heat 5 or 6 days, but 
estrus of 2 or 3 days or 7 or 8 days is not uncommon and may vary 
between 1 and 14 days. The most common interval between heat 
periods is 15 to 16 days. Ovulation usually occurs during the last 24 to 
48 hours of heat. 

Breeding Efficiency of the Horse. Reproductive failure is more com¬ 
mon in the horse than in any other farm animal. Most of the data which 
are available express fertility in terms of the per cent of mares which 
foaled during a particular period. Mares are frequently mated more 
than once during a single heat period, and a large per cent are bred during 
two or three successive heat periods before they conceive. If the per cent 
of services which resulted in the birth of living foals were determined, the 
efficiency would be extremely low. 

Data gathered during a six-year period on the breeding performance of 
390 stallions and 28,241 Clydesdale mares showed that 52 per cent of the 
mares foaled. During a five-year period 42.3 per cent of 3,640 Thorough¬ 
bred mares bred to 43 stallions foaled. In no class of animals is breeding 
knowledge and skill of more importance than in the horse. The foal 
crop can usually be increased from the 50 per cent level to from 70 to 
75 per cent by proper breeding management. In areas where horse 
breeding is of importance, as in the Thoroughbred-producing regions, 
it has been possible to produce living foals from as many as 80 per cent 
of the mares bred each year. 

Optimum Breeding Practice. The serious horse breeder will find it 
essential to try mares for the occurrence of estrus every day, or at least 
every other day, during the breeding season. Mares which have been 
mated should be tried frequently, not only at the 21st day after breeding. 
As previously explained, the average interval between heat periods is 
14 to 16 days, and the recurrence of heat is often missed because of poor 
timing. 

The average mare ovulates 24 to 48 hours before the end of heat, but 
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F,o 52 Uterine lining of the mare. 1. First day after foaling, cnaomomum penalized 
F or pregnancy. 2. First day of foul heat, endometrium not yet repaired following foaling. 


these conditions it is not surprising that only 40 to 50 per cent of the 
females bred conceived. 

Horse-breeding Problems. The decline in the use of the horse as a 
source of farm power has resulted in an almost complete lack of interest 
in horse breeding by farmers. At the present time specialized horse- 
breeding operations are carried on almost exclusively by the producers of 
saddle, running, and light-harness horses. 

Although well-fed mares come in heat throughout the year, most mares 
are bred to foal in the spring. The relatively long heat period (4 to 6 
days) of the average mare and variation in the time of ovulation pose a 
problem of timing which is greater than in any other farm animal. 

The chief problem in practical horse breeding is, therefore, one of 
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having copulation and ovulation coincide. It has been believed for 
centuries that the best time to breed mares is during foal heat on the 9th 
day after foaling. This concept is unsound, not only because all mares 
do not ovulate on this magic 9th day, but also because there is good 
evidence that genital diseases may be spread by breeding too soon after 
foaling. It appears that navel ill in the foal may actually begin its 
development when mares are bred during foal heat. Data from various 
horse-breeding areas indicate that fewer mares conceive when bred at 
foal heat than when mating is delayed until the second estrus period after 
parturition. 
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CHAPTER VIII 


ARTIFICIAL INSEMINATION 


Few advances in methods of livestock production have been so rapidly 
and enthusiastically accepted as the artificial insemination of dairy cattle. 
The technique can be and is used in other species, but economic and 
management conditions have made it especially adaptable to dairy 
cattle in the United States. There are certain situations which make it 
equally valuable in sheep, swine, horses, chickens, fur bearers, and even 
the human. 

By definition, artificial insemination is the deposition of spermatozoa 
in the female genitalia by instruments rather than by natural service. 
The term artificial breeding, which is now widely used to describe the 
process, has in the past suggested something unnatural or even repug¬ 
nant to livestock owners. To some it has meant the solution of all 
breeding difficulties, the possibility of impregnating the entire herd at 
one time, or the regulation of sex. To others it has suggested that the 
offspring might be weak or otherwise abnormal, and many farmers 
traveled miles to observe the first calves born as the result of artificial 
insemination. When properly employed, artificial insemination has 
little effect on normal breeding efficiency. There are rare instances of 
animals with abnormalities preventing normal breeding which have 
conceived following artificial insemination, and there are numerous 
instances in which the improper use of the technique has failed to bring 
about pregnancy. It can be accepted as a fundamental breeding princi¬ 
ple that, in general, females which cannot conceive following service to a 
normal male will not perform any better when artificially inseminated. 

History of Artificial Insemination. Artificial insemination is not new. 
There is a supposedly authentic account of an Arab chief in 1322 who 
mated a prized mare with the stallion of an enemy chieftain by stealthily 
collecting semen from the stallion’s sheath and successfully artificially 
impregnating his mare. It is definitely known that Spallanzani was 
successful in the artificial insemination of dogs in 1780, and Hunter 
(1799) produced a pregnancy in the human by this method. Iwanoff, a 
Russian physiologist, began a study of artificial insemination in farm 
animals as early as 1899, established a laboratory for further investigation 
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States was organized in CUnton, New Jersey, in May, 1938, by Prof, J- 
Perrv of the Dairy Extension Service, and similar organ.zat.ons were 

established in several other states in 1938 and 1939. In l941a PP r “g 0 
matelv 100 000 dairy cows were artificially inseminated about 2,500,000 
r5« T- 5,000,000 in .054, Not »* >* J.pp d 
throughout the United States but it is also shipped to Alaska, Hawa 
and Puerto Rico. If present trends continue and new techniques sue 
as the freezing of spermatozoa are perfected, the exportation of the semen 
of outstanding proved sires will be commonplace and new generations of 
animals may be sired by bulls which are themselves dead. 

Increased Use of Proved Sires. The greatest advantage of this 
method of breeding is that it has increased the usefulness of superior ares. 
In previous chapters we have made recommendations regarding the 

frequency of use of males. It is a rare bull that is naturally mated to as 
many as 50 to 60 cows a year, and even more rare for one to sire as many 
as 200 calves during a lifetime. In 1951 we emphasized that one out¬ 
standing Holstein bull had sired more than 10,000 calves by artificial 
insemination and that it probably would have required about 200 years to 
accomplish this in natural service. It is now common or proved bulls 
to provide semen for 5,000 to 10,000 cows per year, and one prominent 
proved bull is reported to have serviced more than 70,000 cows during a 
period of several years. According to U.S. Department of Agriculture 
statistics 2,661 bulls were being used in organized artificial breeding in 
1954. Approximately 40 per cent had been proved in dairy-herd 
improvement associations, and the average production of their daughters 
was 11,239 lb. of milk and 475 lb. of butterfat during 305 days. The 
extended use of proved sires of this caliber cannot but have a marked 
effect on the efficiency of milk production. 

May Provide a Method of Proving Sires. There is no one answer to 
the question of whether or not only proved sires should be used for artifi¬ 
cial insemination. If all other factors were equal, there is little doubt 
that we would select only those males which had been progeny-tested. 
The supply of proved sires has never been sufficient to meet the demand. 



1G2 BREEDING AND IMPROVEMENT OF FARM ANIMALS 

The rapid increase in the use of artificial insemination has resulted in very 
keen competition for the good individuals which arc available. As has 
been true in the past, many of the best males have gone to the slaughter¬ 
house before their worth became known, and others are old and debili¬ 
tated. Many of these proved sires have fairly satisfactory fertility when 
used in limited natural service but have not produced semen of the quality 
essential for artificial insemination. One of the real needs in livestock 
breeding is an improvement in the methods of proving sires. Bulls 
proved in small herds are old by the time sufficient progeny have been 
tested, and sampling a sire’s progeny in a single herd has many practical 
disadvantages because unique environmental factors may affect the 
performance of his daughters. A systematic attack on this problem must 
be made. Artificial breeding provides a technique of distributing the 
risk of proving a bull among many farms, and this in turn ensures that 
the animal will be proved under a great variety of conditions. If some 
plan of mating each promising young sire to a large number of cows in 
widely distributed herds can be worked out, the sire can be tested at a 
relatively young age. He can then be retired from service until his 
transmitting ability is known. With the development of frozen semen 
large quantities of his semen could be stored while awaiting his proof. 
Such stored semen could be destroyed if the bull were proved inferior. 

Eliminates Need of Bull in Small Herds. The owner of a small herd 
is faced with a great many problems in regard to the purchase and main¬ 
tenance of a sire. He cannot afford to buy the quality animal now avail¬ 
able for artificial insemination. He likewise hesitates to build tho kind 
of quarters necessary for safety in keeping the bull, to say nothing of 
conditions which will be optimum for the maintenance of the male in 
good breeding condition. It has been shown that the actual cost of 
artificial insemination in herds of 10 or fewer cows is not so great as 
when a bull is kept. It is therefore safer and cheaper, and far superior 
from a breeding standpoint, for the smaller dairyman to adopt artificial 
insemination. 

Lessens Disease and Improves Breeding Efficiency. These advan¬ 
tages can likewise be possible disadvantages if artificial insemination is 
not properly used. The selection and care of the bulls used for artificial 
insemination must be in the hands of people who are specially trained 
for such work. When proper precautions are taken the spread of genital 
diseases by the male should be virtually eliminated. The problem of 
reproductive disturbances in the female still is an important one. It 
appears that the interest which is being developed in the owners of 
artificially inseminated cows is already having its effect in the early 
detection and treatment of breeding difficulties. Improved systems of 
record keeping, plus the fact that every cow is closely observed dur- 
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ompnt nr Art ices There is little pride of accomplishment in the 
SST5f P 2Se and inefficient animals. Dairy extension men 
and^county agents have found the introduction of artificial insemination 
to be followed by increased interest in methods of raising calves, t 
feeding and care of pregnant cows, and in dairy-herd improvement 

^Disadvantages of Artificial Insemination. There arc no disadvantages 
of artificial insemination which cannot be overcome by the application 
of knowledge which is at present available. Artificial insemination wiU 
not overcome sterility nor result in higher fertility than can be attained 
when normal healthy cows and bulls are mated. The 
artificial insemination will result in lowered breeding efficiency, and 
failure to follow strict sanitary practices may result in the spread oi 
disease. These things should not occur in a properly managed association. 

The conception rate immediately following the establishment of an 
artificial-insemination association in a particular community is frequently 
lower than the previous natural-breeding efficiency. It appears that 
this is most frequently due to inexperience on the part of both the 
inseminators and the owners. Because of the rapid acceptance of this 
method of breeding there is a great shortage of trained inseminators. 
It should be recognized that even the best-conducted insemination schools 
cannot turn out a finished inseminator in ten days or two weeks. The 
basic principles of insemination can be learned, but the development of 
an automatically smooth routine of insemination requires much practical 
experience. Most inseminators require experience with about 200 cows 
before they become highly proficient. The herd owners likewise need 
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experience. The detection of heat, the custom of calling insemination 
headquarters at certain agreed-upon times of the day, having cows which 
are to be bred readily available for the inseminator, and cooperating in 
every way possible with the inseminator will do much to guarantee the 
success of the practice. 

Private or farmer-owned bull studs assume a great responsibility in 
the selection of bulls for widespread artificial breeding. The greatest 
care must be exercised in determining that the sires are free of disease. 
Each animal should receive a complete clinical examination and appro¬ 
priate laboratory examinations to guarantee his freedom from tubercu¬ 
losis, brucellosis, trichomoniasis, vibriosis, leptospirosis, and infectious 
vaginitis. Even the use of proved sires does not guarantee that they 
do not carry recessive genes for red, as may be the case in Holsteins and 
Angus, for dwarfism, or for poor mammary anatomy or other physical 
defects. The extended use of young, unproved bulls may sometimes 
result in daughters with both disappointing type and production. 

Some of the dangers feared a decade ago have not materialized. 
Unscrupulous operators have not sold misrepresented semen. Com¬ 
mercial dairymen have become more conscious of good germ plasm and 
good type, and purebred breeders have found new and better markets 
for really good sires. 

METHODS OF COLLECTING SEMEN 

The ideal method of collecting semen is, theoretically, one which is 
completely satisfactory to the male, which is easy to use, which requires 
a minimum of equipment, and which permits the collection of a sample 
of normally ejaculated semen free from contamination with dirt, bacteria, 



Fio. 53. Diagrammatic artificial vagina for the collection of bull semen. 1. Outer rubber 
jacket. 2. Entrance for penis. 3. Warm water. 4. Heavy rubber band. 5. Water 
inlet. 6. Rubber cone. 7. Graduated test tube. 


or secretions from the female genitalia. Many techniques have been 
developed. Some methods are applicable only to certain species; others 
are too complicated in principle and practice; some do not result in the 
normal ejaculation of the male and the production of completely normal 
semen; and others yield semen that is diluted with vaginal and cervical 
secretions and often heavily laden with bacteria. 
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The Artificial Vagina. The artificial vagina is the standard apparatus 
used for all farm animals except poultry. Its princ.ple and construct.on, 
whether for bulls, boars, rams, or stallions, is simple, an 
luirements of the ideal method. The apparatus >s '"ade up of an outer 
tube, or casing, usually constructed of heavy rabbet, «« , betwee „ 

plastics, and an inner tube, or lining, of thin rubb . P 

the two tubes is usually filled with warm water or air or both one e 
he apparatus is open to allow the entrance of the penis, and to the other 
end is attached a glass tube or beaker to catch the semen a^r egculaUon 
The success with which this method is used depends upon the sk.n 
the operator and the training of the male, but most workers feel that.it» 
the most satisfactory method yet devised. The equipment shou 
clean, sterile, and dry before use. Males are very particular that the 



Fio. 54. Artificial vagina for stallion. 


apparatus be of the correct temperature, pressure, and degree of lubrica¬ 
tion, and conditions that suit one male may be unsatisfactory for a 
second. The proper temperature is attained by introducing warm water 
(105° to 115°F. for most males) between the outer and inner casings; the 
correct pressure depends largely upon the size of the penis of the male 
and is usually regulated by introducing or releasing air between the cas¬ 
ings. A small amount of special lubricant, which is commercially avail¬ 
able, should be applied to the first few inches of the inner rubber tube, 
but the amount used should be kept to a minimum, for it is undesirable 
to have any excess lubricant carried through the artificial vagina and 
mixed with the semen. 

Bulls usually respond to this method without previous training. Best 
results are attained when the male is allowed to mount an estrous female 
and the penis quickly guided into the open end of the artificial vagina. 
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If the proper temperature, pressure, and degree of lubrication have been 
maintained, ejaculation is instantaneous in the bull and ram and is very 
shortly initiated in the stallion and boar. Active males may easily be 
trained to mount nonestrous cows, other males, or dummy females, and 
highly satisfactory samples of semen can quickly be collected. 

The Massage Method. Semen can be collected from bulls by the 
massage of the ampullae of the vasa deferentia. The successful applica¬ 
tion of this method, which consists of the insertion of the arm into the 
rectum, the location and manipulation of the ampullae, seminal vesicles, 
and prostate region, and the collection of semen as it drips from the glans 



Fio. 55. Bulla can be trained to mount a simply constructed dummy. 


penis, requires a high degree of skill. It is most valuable for the collec¬ 
tion of semen from bulls with injuries to their legs, backs, or reproductive 
organs. For genetic reasons it should probably not be applied to bulls 
suffering from physiologic disturbances that might be heritable. This 
method does not compare in usefulness with the artificial vagina. There 
are marked differences in the response of individual bulls; the semen is 
often contaminated as it drips from the glans penis; and the volume and 
concentration of semen obtained by this method are often less than by 
service into an artificial vagina. 

The massage method for the collection of semen from the domestic 
fowl and turkey is widely and successfully used. The copulatory organ 
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e the ma ie can be protruded by manipulating the cloacal region, and the 
semenTtorecTin Jbulbous ducts can be pressed out by the thumb and 

^Recovery of Semen from the Vagina. One of the older methods of 
semen collection is the recovery of semen from the anterior vagina 
ing natural service. This can be accomplished by introducing a g 
r„hher catheter into the vagina, locating the pool of semen and aspirating 
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Fio. 56. Equipment for the artificial insemination of cattle. 
Lucite or glass speculum. 3. Inseminating tul* and syringe. 
6. Head lamp. 


1. Artificial vagina. 2. 
4. Graduated test tube. 


of both ram and stallion semen if the genital health of the ewe or mare is 
known to be satisfactory. However, this method is not the one of choice 
in any species. Breeders who do not have other collecting equipment 
can make use of the method for the recovery of a semen sample for a 
fertility examination. The simplicity of the method is overbalanced by 
several disadvantages. The semen may be excessively diluted by female 
secretions and may have poor storage qualities. If an infectious genital 
disease is present, it is very likely to be spread to the inseminated animals. 

The Breeder’s Bag. This technique, which involves placing a rubber 
sheath over the glans penis, has been satisfactorily employed by some 



168 BREEDING AND IMPROVEMENT OP FARM ANIMALS 


stallion and jack owners for many years and has been discarded by others 
as unsatisfactory. The chief criticism of the method has been that the 
bag often slipped from the penis as the male dismounted. This has been 
overcome by the development of a longer type of sheath. The method 
has the advantages of simplicity and the recovery of a normal ejaculate, 
but it is limited to equines. 

Electrical Ejaculation. The stimulation of ejaculation by electrical 
means has been used in laboratory animals for many years and was first 
applied to farm animals in 1936. The principal objections to the tech¬ 
niques used have been that they produce generalized muscular contrac¬ 
tions rather than specific ejaculatory contractions and not infrequently 
interfere with respiration. Marden (1954) has devised an apparatus 
which generates a sine-wave pulse. A plastic cylinder containing four 
brass electrodes is placed entirely within the rectum, and ejaculation 
occurs readily when electrical stimulation is applied. This apparatus 
does not produce the severe stresses obtained with earlier techniques and 
has promise for bulls unable to mount, for sluggish males, and for others 
which occasionally refuse to use the artificial vagina. 

PROCESSING AND SHIPMENT OF SEMEN 

Semen Extenders. One of the fundamental purposes of artificial 
breeding is to extend the usefulness of superior sires. Since the normal 
ejaculate contains millions or billions of sperm, it is desirable to dilute 
or extend the semen as greatly as possible without reducing the rate of 
conception. In order to be suitable for use in practical artificial insemi¬ 
nation, a diluter must maintain the fertilizing capacity of the sperm for 
maximum periods of time; it must be easily prepared, of readily available 
substances, of low cost, and nonirritating to the recipient of the semen. 
The history of the diluter problem is a long one and has not been confined 
to the bovine species. Among the materials tried have been physiologic 
saline solution to which have been added numerous organic and inorganic 
substances, including glucose, amino acids, hormones, drugs, and anti¬ 
biotics. Nearly all the body fluids and secretions have been tried—blood 
plasma, blood serum, spinal fluid, milk, reproductive accessory gland 
secretions, and semen plasma itself. 

In 1940 Phillips and Lardy developed a diluter made up of egg yolk 
and a phosphate buffer for cattle semen. This diluter was widely adopted 
and is still in use. The phosphate buffer contains 0.2 g. of KH 2 PO 4 and 
2.0 g. of NaHP0 4 .12H 2 0 in 100 ml. of sterile redistilled water. To 
facilitate its preparation, capsules containing the proper amount of 
chemicals for addition to the water are commercially available. Fresh 
egg yolk is prepared by the complete separation of the yolk from the 
albumen, puncturing the membrane surrounding the yolk and allowing it 
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resh eggs from hens fed a balanced ration should be used and that 
substances or conditions which might be toxic to sperm must be avoided 
A second practical diluter was developed by Salisbury e< al at Cornell 
in 1941. It was made up with egg yolk and a sodium citrate buffer and 
has since been modified to contain 2.9 g. of sodium citrate d.hydrate 
(NajC«H*07.2H 2 0), and 0.6 g. of sulfanilamide per 100 ml. of glass- 

distilled water. . . . .... 

Thacker and Almquist (1953) have developed procedures for utilizing 

simply prepared milk diluters. They have shown that boiled homoge¬ 
nized milk and boiled pasteurized skimmilk are excellent practical diluters 
for bull sperm. The method of heating the milk must be carefully 
controlled. It should be heated to 92°C., at which point it should be 
allowed to reach 98°C. in 2 minutes, held at 98° or 99°C. for 8 minutes, 
removed from the heat source and allowed to cool to room temperature. 

Antibiotics are added to the diluter in most artificial insemination 
centers. Penicillin is commonly added at a level of 500 units per milli¬ 
liter of diluter, and streptomycin at the rate of 500 gamma per milliliter. 
The semen is usually identified as to breed by the addition of small 


quantities of vegetable dye. 

Much less is known about the optimum diluters for boar, ram, stallion, 
and poultry semen. The diluters used for bull semen, however, are not 
well adapted for that of the above species. Boar and stallion semen 
are by nature rather dilute and have very poor storage qualities. The 
best results are obtained when fresh, undiluted semen is used. The 
better stallion-semen diluters contain egg yolk, glucose, K-Na tartrate 
and gelatin. Ram semen has some of the same characteristics as bull 
semen, and some of the cattle semen diluters are reasonably effective 
for them. Fresh fowl semen is sometimes diluted with physiologic 
saline, 0.9 per cent NaCl, and used for immediate insemination, but more 


frequently it is used without dilution. 

Dilution of the Semen. Theoretically only one sperm is necessary for 
the fertilization of the ovum, but in practice it is unlikely that only one 
cell will produce such results. This has been explained in numerous 
ways, the most plausible of which is that large numbers are necessary 
since many of the cells are lost on the way to their destination. 

As previously mentioned, the dilution rate of bull semen has increased 
steadily from a ratio of 1:4 in 1940 to an average of about 1:100 currently. 
In bulls of known high fertility, dilution rates of up to 1:400 can be 
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employed without reducing conception rate. The rate of dilution will 
depend on the quality of the semen at the time of collection. 

Immediately after collection the semen should be taken to a warm 
dust-free room and estimates of sperm numbers and per cent of motile 
sperm made. If the semen is of good quality, it should be immediately 
diluted, care being taken to have the diluter and semen at the same tem¬ 
perature (80° to 90°F.). In some bull studs a preliminary dilution of 
1:4 is made at 90°F., and the semen is then gradually cooled at a rate 
of 1°F. per minute to a temperature of 40°F. Final dilution is made with 
additional diluter at 40°F. to provide between 10 and 12 million sperm 
per milliliter. 

The viability of sperm is affected by too-rapid cooling; this is called 
temperature shock. The glass vial on the artificial vagina which receives 
the semen must be protected from cold during the collection of semen. 
This is accomplished by placing insulating material over the vial. Mix¬ 
ing semen and diluters at different temperatures and too-rapid cooling, 
especially of undiluted semen, must be avoided. 

Storage and Shipment of Semen. In artificial-insemination practice 
semen is rarely stored at its point of origin but is stored by the local 
inseminator. The chief problem is the maintenance of optimum condi¬ 
tions during shipment and while the semen is being transported by the 
inseminator on his rounds. 

In most states semen can be shipped from the bull stud to all local 
associations within 12 to 24 hours. The equipment required for this is 
surprisingly simple. The refrigerant is provided by one or two tin cans 
approximately 2.5 by 4 inches. The cans are filled with water to within 
about an inch of the top, sealed, and frozen solid. Two layers of heavy 
wrapping paper are placed around the cans, and the semen vials are then 
placed against the wrapped cans and firmly wrapped with several layers 
of paper. This package is placed within one insulated paper ice-cream 
bag during the cooler months and within two insulated bags during the 
summer. This in turn is placed in a heavy corrugated cardboard box and 
shipped by common carrier. This equipment is light in weight, inexpen¬ 
sive, and readily available commercially. 

The vials containing semen should be as nearly full as possible. If 
only a small quantity of semen is to be sent, a small vial should be used. 
It is known that the mixing of semen with air by agitation during ship¬ 
ment is undesirable and results in decreased sperm motility. 

The experienced inseminator can usually tell if semen shipments are 
arriving at the proper temperature. If the ice in the cans has completely 
melted, it is well to check the temperature of the semen with a ther¬ 
mometer and report abnormalities to the bull stud. 

All semen samples which the inseminator plans to use should be 
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The inseminator usually receives fresh semen six or seven times week y 
It is obvious that he cannot guarantee that the semen of ! 

will be used to inseminate a particular cow. However, by adhenng to 
recommended practices he usually has the semen of several bulls of each 
breed available, even though the semen is of different ages. 

In the past there has been much wishful thinking in regard to the 
storage possibilities of semen. With rare exceptions bull semen should be 
used within two to four days following collection if good results are to be 
expected. Ram semen should be used within 2 days; and boar, stallion, 
and chicken semen should be used on the day of collection. 

With the development of techniques for freezing semen it is possible to 
store semen for several weeks or months, perhaps several years. 

The maintenance of maximum fertility in stored semen requires special 
handling by the inseminator. The semen should be obtained as soon 
as possible after delivery to the shipping point. It should be unpacked 
and placed in a household refrigerator at 38° to 42°F. Temperature 
fluctuations must be avoided, since repeated warming and cooling reduce 
the life of sperm. The inseminator should not take more semen with 
him than he plans to use during the trip. Special refrigerated semen 
kits are available from several commercial sources and should be used. 
They should be kept at a temperature of from 38° to 42°F., using ice 
except during extremely cold weather, when it may be necessary to use 
warm water occasionally. A thermometer is an essential part of the 


insemination kit. 

The method of insemination will depend both on the species and on the 
experience of the operator. The methods commonly used for cattle will 
be described in detail and those for the other farm animals but briefly. 

If economy of semen is no object, the deposition of several milliliters of 
whole or diluted semen in the vagina of the cow will give satisfactory 
results. Since the chief advantage of artificial insemination is to extend 
the usefulness of superior sires, this method has little merit. The method 
in common use prior to 1940 involved the partial penetration of the 
cervix with an inseminating tube while it was visualized through a vaginal 
speculum. This technique seemed to have the advantage that the 
operator could see what he was doing, but we now recommend that he 
feel what he is doing. The muscular tensions which are set up following 
the introduction of the speculum make it difficult to penetrate the cervix 
further than the outer region. It has the disadvantage of requiring a 
large supply of sterile specula, one for each cow, and the chore of cleaning 
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specula can be a laborious one. The method does give satisfactory 
results and is still used occasionally. 

The technique in most general use at present is the grasping of the 
cervix with the left hand in the rectum and the introduction of the 
inseminating tube through the vagina and into the cervix with the right 
hand. The cervix should be manipulated so that it passes over the tube 
instead of manipulating the tube through the cervix. This must be 
accomplished without using force. Irritation of the cervix or uterine 
lining may injure the female and reduce conception rate. In early 
years some inseminators passed the inseminating tube into the uterine 
horns, depositing some semen in each horn. This practice is not recom¬ 
mended because of the danger of injury to the female. The safest 
practice is to pass the tube to approximately the middle of the cervical 
canal and to expel the semen at that point. Under no circumstances is 
there need of passing the tube beyond the body of the uterus. Some cows 
return in heat while pregnant; passage of the tube through the cervix and 
into the body of the uterus will usually result in fetal death or abortion 
in pregnant females. There is no advantage in depositing the semen 
beyond the junction of the cervix and the uterus, and there are several 
disadvantages. 

The step-by-step routine recommended for inseminators is as follows: 
(1) Don clean work clothing, boots, and rubber sleeve as soon as arriving 
on farm; (2) positively identify cow; (3) locate equipment case and pail 
of warm water near cow; (4) attach clean inseminating tube to syringe or 
plastic bulb and fill with 1 ml. of desired semen; (5) place inseminating 
equipment on special hooks on lid of case; (6) lubricate left glove and 
sleeve with soap or other lubricant; (7) enter rectum carefully and 
remove feces; (8) wipe manure from rear quarters with fresh paper towel 
or cotton; (9) wipe lips of vulva with small quantity of fresh cotton; 
(10) grasp cervix firmly; ( 11 ) insert inseminating tube into vagina and 
approach cervix carefully; (12) introduce tube into cervical opening; 
(13) work cervix back and forth and up and down, working tube well 
into the cervix; (14) deposit semen. 

The inseminator must have a basic knowledge of bovine anatomy and 
physiology, and above all must exercise good judgment. Carelessness 
may result in perforation of the vaginal wall or injury of the cervix or 
uterus. Inseminators are frequently called to service cows which are 
in heat but which are already pregnant. The penetration of the cervix 
of a pregnant animal is almost certain to result in abortion. It may be 
impossible to prevent such occurrences in the first few weeks of pregnancy. 
If the cervix is tightly closed and dry, little is gained by trying to force 
penetration. The cow may not be in true heat, or she may be pregnant. 

A routine inspection of the cow to be inseminated may reveal an 
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on.tomic defect of the genitalia, inflammation, or infection. Artificial 

called to the owner’s attention in order that he may secure vetermary 

The" mare is the easiest of the farm animals to inseminate Mares 
should be hobbled in order that the insem.nator may work m^ safety 
The tail of the female should be wrapped with a clean bandage of the 
type used on the legs of running horses. The region around the vulva 
can be cleaned with a damp sponge, and the lips of the vulva wiped with 



Fio. 57. Insemination of the cow involv- Fio. 58. The most common technique of 

ing the use of a vaginal speculum. The inseminating the cow. The cervix is 

cervix is visualized, and the inseminating grasped per rectum, and the inseminating 

tube is passed into the first part of the tube is carefully worked into and through 

cervical canal. the cervical canal. 


a piece of clean cotton. The operator should wear clean, dry rubber 
gloves which have been previously washed in alcohol or some similar 
disinfectant. Fresh semen is poured into 1/2-oz. gelatin capsules and 
quickly inserted as far forward in the cervix as possible. In small mares 
20 ml. of semen per insemination is sufficient, and in large multiparous 
females, 30 to 40 ml. The semen can also be introduced through the 
cervix with a catheter attached to a syringe or a flask equipped with a 
pressure bulb. As previously mentioned, mares should be inseminated 
more than once during estrus if maximum fertility is to be attained. 

Sows are usually inseminated with a rubber or plastic catheter attached 
to a syringe. The cervix can be penetrated by a fairly stiff catheter 
and the semen slowly deposited in the uterus. If the cervix is not 
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entered, much of the semen will be lost from the vagina. Relatively 
little is known about the volume of semen and numbers of sperm required 
for swine. Under practical conditions 20 to 50 ml. of whole semen can 
be expected to give satisfactory results. There is evidence that much 
smaller quantities of semen, when properly diluted, may be satisfactory, 
but this has not been verified under practical herd conditions. 

Ewes are usually inseminated with the same type of pipette or tube 
that it used for cattle. The pipette is filled and emptied with a syringe 
or small rubber bulb. The cervix is visualized with a speculum and a 
small flashlight or headlamp, and the pipette introduced into the outer 
part of the cervix, probably not more than 1/4 to 1/2 inch. A volume 
of 0.2 ml. is usually used both for whole or diluted semen. The egg-yolk 
diluters used for cattle have been successfully employed for sheep. There 
is considerable difference of opinion in regard to sperm numbers required, 
ranging from 5 to 50 million. 

Artificial insemination is now being widely used on poultry-breeding 
farms. Breeding chickens kept in individual cages show excellent fertility 
if inseminated at weekly intervals. The maintenance of high fertility 
in naturally mated turkey flocks is more of a problem than in chickens. 
Some hens do not mate at all, and some do not mate frequently enough 
for maximum fertility. In addition, there is always the possibility of 
injury to turkey hens during mating. Stotts and Darrow (1955) studied 
the effects of using artificial insemination as a supplement to natural 
mating in more than 30,000 females. Supplementary insemination 
improved fertility in well-managed flocks in which natural fertility was 
85 per cent or less. In six flocks having an average of 74.1 per cent 
fertility artificial insemination raised fertility to an average of 86.1 per 
cent during the first six weeks of its use. 

Fowl semen can be obtained by the massage method following a 
short period of isolation and training of the males. The semen is usually 
used immediately after collection and without dilution. The oviduct 
of the laying female can be easily protruded by applying pressure in the 
cloacal region. A 1-ml. tuberculin syringe, without needle, is inserted 
into the oviduct to a depth of about 1 inch and from 0.04 to 0.1 ml. of 
semen deposited. 

Organization of Artificial Insemination. The advances in artificial- 
insemination techniques which have occurred during the last decade have 
resulted in a complete revision of our ideas with respect to the organiza¬ 
tion and operation of artificial-breeding associations. Since nearly every 
state has extension specialists who concern themselves almost exclusively 
with artificial insemination, we recommend that such specialists be 
consulted in regard to local conditions. 

The general trend in artificial insemination is toward the central breed- 
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• _ nnit in this type of organisation the bulls are maintained m a 
centrally located stud. Well-equipped laboratories and technicians wit 
special training in the care of bulls and in the processing and shipping o f 
semen are definite requirements for the success of this type> ofun ■ 
Semen production is thus concentrated in one place, and the actual 
insemination of the cows is carried out by local organizations^ The 
nroblem of locating new sires is of sufficient importance to require perma- 
Sfp”»„n,l specially .rained in selection. The need of top ng 
abreast of the latest developments in semen physiology is essential. 



irns and laboratories for research in artificial insemination 
Research Center, the Pennsylvania State University.) 


Fio. 59. Bull b 
Dairy Breeding 


It appears that these problems can best be met when some of the workers 
devote themselves exclusively to bull-stud work and others to the insemi¬ 
nation of cows. 

In the early years most artificial-insemination associations and central 
bull units were either farmer cooperatives or state-sponsored. There are 
now several large privately owned organizations which furnish semen to 
either independent or cooperative local insemination units. One of the 
private groups is reported to have inseminated more than 800,000 cows in 
1954. Nearly a dozen bull studs furnish semen for 100,000 cows 
or more annually. 
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In order that this new industry may continue to make healthy growth a 
National Association of Artificial Breeders has been formed. According 
to its secretary, Dr. H. A. Herman, the association has more than 75 
members in the United States, Canada, and Puerto Rico. Its members 
are pledged to the maintenance of high standards of advertising and 
technical procedures and to the sponsorship of research for the improve¬ 
ment of cattle fertility and productivity. 

Artificial-insemination Problems. It is obvious that artificial insemi¬ 
nation is established as a practical method of livestock breeding, but it is 
equally obvious that its applications and techniques are being constantly 
changed and improved. 

The adoption of artificial insemination has been so rapid that there is a 
shortage of trained technicians. In states where many new artificial- 
breeding associations have been established simultaneously there has 
usually been an unsatisfactory conception rate during the first few 
months of operation. This is apparently due to the inexperience of both 
technicians and herd owners. There are no substitutes for insemination 
experience and good livestock management. Many owners had no idea 
that their animals had not previously conceived on the first natural 
service, and were openly critical of artificial-insemination conception 
rates of 50 per cent. Some owners knowingly submitted shy breeders for 
insemination with the expectation that it would overcome the difficulties. 
Others do not yet understand even the elementary principles of reproduc¬ 
tion and have not appreciated the necessity of keeping breeding records 
and studying the estrual behavior of their cows. These problems are 
being overcome by the improvement of courses for training inseminators 
and providing them with an opportunity to serve an apprenticeship with 
an experienced inseminator. Efforts to increase the knowlege and 
interest in owners in breeding management are bearing fruit. 

One of the major unsolved problems is infertility. This problem is not 
peculiar to artificial insemination; it concerns the whole livestock indus¬ 
try. As discussed in another chapter, the failure of animals to conceive 
promptly and produce strong, healthy young is of great economic impor¬ 
tance. Infertility is not a single disease or condition but a complex 
including the whole field of biology. Only by much basic research will 
the solution be obtained. 

The proving and selection of sires for artificial-insemination use are a 
major problem. A suggested method for proving sires at a young age 
has been proposed. The tendency for fertility level to decline in bulls 
more than two or three years of age and the fact that many proved sires 
are not of suitable fertility are limiting factors. We need more knowledge 
about the basic reproductive processes before these problems can be 
overcome. 
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The Use of Frozen Semen in Artificial Insemination. The transition 
fThe frozen semen technique from the laboratory to practical farm use 

accomplished. As described in Chapter IV small 

nuantities of semen can be frozen under laboratory conditions with rela- 
?“ely simple equipment. The adaptation of the process for large-scale 

field use is essentially one of the use of an assembly-hnemass-product 

technique in which time and temperature are automatically controlled 

“"ThTcoSection and dilution of the semen is not materially changed. 
The conventional egg yolk and heated milk dilutees can be used The 
principal change in the freezing diluter is that it contains from 7 to 8 per 
cent of glycerol and streptomycin is the most common^ us«l antibiotic^ 
Semen must be packaged in individual, permanently identified, sealed 
vials prior to freezing. A variety of suitable glass and plastic vials arc 
commercially available, and several types of labels ■nH or printing 
devices have been developed for individual vial identification T 
importance of a permanent identification procedure and a systematic 
storage system is essential. We do not yet know the survival time of 
properly frozen sperm. It is already clear that semen can be preserved 
and used after the bull which produced it is dead. It is interesting t 
speculate that a semen bank, like a library, may survive and grow with 


. The research worker and the refrigeration industry have cooperated 
to devise systems for the freezing and storage of large numbers of semen 
samples The systems in use might be classed as chemical and mechani¬ 
cal In some artificial-breeding centers the semen is frozen and subse¬ 
quently stored in specially devised chests which utilize solid carbon 
dioxide (dry ice) and alcohol mixtures as the refrigerant. It has also 
been shown that liquid nitrogen can be used as a refrigerant during storage 
and transportation. New designs in mechanical refrigeration systems 
have resulted in the development of several electrically powered mecnan- 
ical coolers for freezing and storing semen on a large scale. 

It is now possible to transport frozen semen to all parts of the world. 
This can be done using a variety of shipping cartons in which dry ice or 
liquid nitrogen is the principal refrigerant. If supplies of dry ice or liquid 
nitrogen are available, semen can be safely shipped to all parts of the 
world, even by relatively slow ship transport. 

The defrosting of frozen semen is accomplished by placing the vial in 
a container of water at 40°F. immediately prior to insemination. 

Large-scale field tests in the United States and Europe have clearly 
showed that properly processed frozen semen will produce conception at 
levels comparable with conventionally processed semen. The develop¬ 
ment of practical freezing procedures is already resulting in the further 
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consolidation of local bull studs. From a tecnnical standpoint, a few 
centrally located processing laboratories could serve both North and 
South America. 

The use of frozen semen is not without problems. Some semen samples 
do not lend themselves to freezing and it cannot yet be predicted which 
samples will retain satisfactory fertility or for how long. It is also clear 
that standardization and process control is more critical than in non- 
frozen semen. Disease-producing microorganisms can survive in frozen 
semen and care must be exercised that only disease-free males are used. 

Frozen semen has found a place in the breeding programs of individual 
breeders who have previously criticized the limited choice of sires in 
artificial breeding. The preservation of the semen of the most out¬ 
standing males will allow breeders to specify the sire, especially if they 
are willing to pay a premium for the most popular bulls. Individual 
livestock breeders are now offering the semen of individual males to other 
breeders on a private-treaty basis. The extent of this development will 
depend largely upon the regulations which are adopted by the various 
registry associations. At present there are some breed regulations which 
limit the use of semen to the owners of the sire and which prohibit the 
use of frozen semen after the sire is dead. Commercial services are 
available for the collection, freezing, and storage of the semen of individ¬ 
ual bulls in several parts of the United States. In some instances the 
frozen semen is being used only on the farm of origin; in others it is being 
distributed to the several owners of a bull; and in still others it is being 
offered for sale to any breeder. If the extended use of the semen of 
outstanding proved sires is the key to livestock improvement, frozen 
semen is potentially the most valuable breeding technique yet known. 

Probable Future of Artificial Insemination in Other Animals. The 
procedures developed for dairy cattle can be applied equally well in beef 
cattle. The two deterrents to more rapid use by beef-cattle breeders 
have been the difficulties of handling cattle under pasture and range 
conditions and a general lack of interest by the breeders themselves. 
The method has long been used within some of the largest breeding herds, 
but there has been little between-herd use. The choice of semen and the 
possibilities of storing it for long periods in the frozen condition may speed 
up the acceptance of artificial breeding in beef animals. 

There is current interest in increasing the usefulness of outstanding 
boars. Much of this comes about from the search for boars capable of 
transmitting the characteristics of “meat type.” Unfortunately, boar 
semen has poor storage qualities under the conditions of processing thus 
far used. If as much effort were devoted to the boar-semen problem 
as has been applied to bull semen, it is likely that improvement could 
be made. 
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Ran, semen has many of the characteristics of bull semen and is well 

“aS iS’-uli a s» “■* «“ *“* 

during the early part of the century. Under controlled conditions it 
„ives equal or even improved conception rate. Foals conceived > 

artificial breeding cannot be registered in some-of’ 
and there is little current interest in the method in the United States. 

Artificial insemination has an important place in highly spemhzed 
poultry-breeding farms and in the breeding of fur-bearing animals, 
especially those species which are naturally monogamous. 
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SECTION II 

Mechanisms of Heredity and Variation 


CHAPTER IX 
QUALITATIVE HEREDITY 


Heredity and inheritance are synonymous terms, t.e., they have the 
same essential meaning. We prefer the term heredity because it suggests 
the transmission of biological traits from ancestors to descendants, 
whereas inheritance often refers to various types of material things, such 
as property, money, and so forth left to an heir. All offspring are like 
their parents or other ancestors in some respects, unlike them in others. 
This section will be concerned with trying to arrive at a rational explana¬ 
tion for these similarities and differences. Such a study is now designated 
as genetics , which can be defined as the science that seeks to explain 
the resemblances and the differences which are exhibited by related 
organisms. 

There are three principal problems in the field of genetics: the chemical 
nature and structure of genes; the processes of differentiation and organi¬ 
zation as the embryo develops, and the mode of transmission of hereditary 
determiners from parent to offspring, the last holding the greatest interest 
for the animal breeder. 

What any organism eventually becomes is obviously due in some degree 
to its heredity and in some degree to the environment in which the 
organism exists. Heredity is sometimes said to provide ability , while 
the environment provides opportunity. To become an outstanding 
individual an animal must obviously have both high ability and good 
opportunity for its expression. Both similarities and differences may be 
caused by the actions and/or interactions of the hereditary units, or 
genes. Likewise, the environment may modify characters in various 
ways and thus cause animals of similar heredity to be different or animals 
of different heredity to be similar. 

Livestock improvement depends primarily on the breeder’s ability to 
select as parents for each succeeding generation the animals in his herd 
or flock which have received from their parents a genetic make-up which 
has caused them to vary from the herd average in the desired direction. 
If all variation were genetically caused, there would be no problem, since 
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breeders would then select from their best-performing individuals and 
progress would be automatic. Actually most breeders think they ar 
2, animals which will improve their herds, but steady progress st.ll 
eludes many of them. An old adage says, «Half the breeding goes down 
the throat,” meaning, of course, that heredity and environment are 
equally important in producing excellence. Recent studies indicate tha 
for many commercially valuable qualities “up to 75 per cen 0 
breeding goes down the throat,” is environmentally caused. Ilu» 
section is designed, therefore, to delineate the principles underlying both 
heredity and variation. An understanding of these principles, together 
with appropriate records of performance, constitutes the greatest need 

in animal improvement through breeding. 

Two Types of Heredity. In general, heredity is of either a qualitative 
or a quantitative nature. In the former, the variations fall into a few 
clearly defined classes. This is due to the fact that these qualities are 
determined by one or two pairs of genes whose final expression is relatively 
uninfluenced by environmental factors. The polled or horned condition 
in cattle is an example of this type of heredity. With the proper genes 
an animal is either polled or horned, showing one or the other of these two 
qualities. Quantitative characters, on the other hand, show all manner of 
slight gradations from small to large such as are found in milk production, 
wool clip, rate of gain in the feed lot, and so forth. Formerly these two 
sorts of variations were called discontinuous and continuous, which terms 
the authors think are more expressive than the presently used terms 
qualitative and quantitative. Mendel dealt with one character in peas 
which was quantitative (tall vs. dwarf) but which behaves in a qualitative 
manner; i.e., the peas were either tall or dwarf. However, the newer 
terms need not be confusing if we let qualitative suggest discontinuous 
(in sharply defined classes) and quantitative suggest continuous varia¬ 
tions (many small gradations shading or intergrading almost impercepti¬ 
bly into each other). We shall consider qualitative heredity in this 
chapter and quantitative heredity in the next. 

The examples to be given in this chapter to illustrate genetic principles 
are due to mutations, which are changes in single genes resulting in the 
appearance of a different character. In cattle, gene B produces black 
hair coat, and gene 6 (a mutant from B) produces red hair coat. We can 
discover the presence of genes and something about their mode of inherit¬ 
ance only if they change or mutate. If all cattle were genetically pure 
for black, BB , we could learn nothing about the heredity of color pattern. 


GENETIC TERMS 


The following are some of the terms now in general use in referring to 
genetic phenomena. 
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Unit Characters. Any characters of any organism that behave as a 
unit in inheritance—plant sizes in peas, horns in cattle, etc. 

Genes. The units of inheritance that probably react together and 
with the cytoplasm, and these two with the environment to make patent 
the organism’s latent potentialities. 

* Allele. Mendelian characters are inherited in alternative pairs (or 
series). These alternative forms of a gene, which are located at the same 
point on each one of a pair of chromosomes, are called alleles , e.g., albinism 
(recessive), normal pigmentation (dominant); horns (recessive), hornless¬ 
ness (dominant). ( Allelomorph , allelic , adjective—variants.) 

* Dominant. A character, possessed by one of the parents of a hybrid, 
which is manifested in the hybrid to the apparent exclusion of the con¬ 
trasted character from the other parent (the recessive). Thus in a cross 
of green- and yellow-seeded peas the first generation has yellow seeds. 
Yellow is dominant, and green is recessive, being transmitted but not 
appearing in the presence of the gene for yellow. 

Hybrid. The individual that arises from crossing parents which are 
pure for certain different characteristics. Crossing tall (TT) on dwarf 
(//) peas produces a hybrid (77). 

Monohybrid. A hybrid that is heterozygous for one pair of allelic 
genes. 

Dihybrid. A hybrid that is heterozygous for two pairs of allelic genes. 

Trihybrid. A hybrid that is heterozygous for three pairs of allelic genes. 

Phenotype. The expressed character (or sum of all the characters) of 
an organism; e.g., if, in peas, genes for both the tall and the dwarf char¬ 
acteristics (T and l) are present, the pea grows tall, and therefore belongs 
to the tall phenotype. 

Genotype. What an organism actually is as determined by its germ 
plasm; e.g., TT and Tt are both tall peas and are therefore the same 
phenotype, but because of their different genotypic constitutions they 
will transmit differently and therefore belong to different genotypes. 

* Heterozygote. An organism to which the two parents have contri¬ 
buted unlike genes with respect to any given allelic pair governing con¬ 
trasted characters, and which in turn produces two kinds of germ cells 
with respect to the character. ( Heterozygous, adjective.) 

* Homozygote. An organism whose parents contributed to it a similar 
member of any given pair of genes, and whose germ cells are therefore 
all alike with respect to the genes for that character. ( Homozygous, 
adjective.) 

* Pace. A group of individuals having certain characteristics in com¬ 
mon because of common ancestry—generally a subdivision of a species. 

* Definitions marked with an asterisk are taken from "Glossary of Genetic Terms,” 
U.S. Dept. Agr. Yearbook, 1936, pp. 153-164. 
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Gamete A reproductive cell of either sex-a sperm or an ovum. 

G ,Zedity . The resemblance derived from the ancestry among 

organisms related by descent. 

P. Parental generation. 

Ft. First hybrid generation, made by crossing P X P- 
F„ Second hybrid generation, made by crowing two F, hybrids. 
Variation . In biology, the occurrence of differences among indi- 

viduals of the same species or variety. 

Haploid. Single; referring to the reduced number of chromosomes 

the mature germ cells of unisexual organisms (n). 

•Diploid Having two sets of chromosomes. Body tissues of highe 

plants and animals are ordinarily diploid in chromosome constitution 

^•Polyploid. Normal body cells of the higher plants and animals have 
two sets of chromosomes. Polyploids are forms having three or more 
of these basic chromosome sets (3 or more n). 

* Heteroploid. An organism characterized by a chromosome number 
that is not a multiple of the basic haploid number. 

Monohybrid Heredity. Johann Gregor Mendel, an Austrian monk, 
discovered the two basic principles of heredity through his hobby of 
growing peas in the monastery garden and published his results in 1866. 
There had been many plant breeders before Mendel, but Mendel was the 
first to attack the problem on a large enough scale and in such a thorough¬ 
going way that he was able to bring some order to what had previously 
been chaos. His success was due to his careful, patient work, to his 
simplification of the problem through studying only-one pair of charac¬ 
ters at a time, and to a bit of good fortune in the fact that he dealt with 
qualitative rather than quantitative characters, with complete dominance 
evidenced by one character of each pair. Also, the seven characters 
Mendel worked with were determined by genes which happened to be in 
seven different pairs of chromosomes so that they assorted independ¬ 
ently, and the characters he studied were not greatly affected by the 
environment. 

Mendel’s plan was (1) to cross pure strains of peas and then by mating 
the resulting hybrids to learn how many different forms would arise from 
those hybrids; (2) to record the frequency of the appearance of each type 
through several generations; and (3) to ascertain from the records the 
proportions or ratios of the different forms through the succeeding gen¬ 
erations. Mendel's F i generation showed complete dominance for one 
of each of the seven pairs of characters he studied, and out of 19,959 in 
the F t generation there were 14,949 showing the dominant character and 
5,010 the recessive, a ratio of 2.99:1, which was very close to the expected 
3:1 ratio. 
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One of Mendel’s experiments involved the crossing of tall and dwarf 
peas. He found that all the offspring grew tall, because in this species 
tall growth is dominant over dwarf. When these F i hybrids were crossed, 
the resulting F 2 generation consisted of tall peas and dwarf peas in the 
ratio of 3:1. The following diagram should make this clear: 


TT 

pure tall parent 
T 

pollen after reduction 


U 

pure dwarf parent 
t 

ovules after reduction 


T 


Tl F x hybrid (tall) 
pollen of hybrid after reduction 


T l ovules of hybrid after reduction 



TT 


(either ovule fertilized* 
\by cither pollen f 


Tl 


Tl 


It 


tall : dwarf 

3 1 

Fio. 60. Diagram of tall X dwarf pea cross through Ft. 


The TT peas are pure for tallness and will produce all tall offspring. 
The same holds true for the tt peas in respect to dwarfness. The two 
Tt peas are phenotypically tall but carry the factor for dwarfness t as a 
recessive. Two of these crossed would again give: 



TT, Tl, Tl, U, etc., ad infinitum 


This 3:1 ratio is phenotypic, the genotypic ratio being 1:2:1. This 
was the gist of Mendel’s work; viz., starting with parents pure for some 
contrasted character, hybrids would be produced in the F 1 that looked 
like the dominant parent; and in the F 2 1/4 of the population would be 
pure for one grandparental characteristic, 1/4 pure for the other grand- 
parental characteristic, and 1/2 would carry both genes and resemble the 
dominant parent. Mendel’s results were published in 1866. They 
remained unnoticed until his paper was discovered in 1900 by De Vries, 
a Dutch botanist, in running down the literature on plant hybridization 
following his own experiments with the evening primrose, from which 
work he formulated his theory of mutations and his law of the splitting of 
hybrids. Apparently Correns in Germany and von Tschermak in Austria 
discovered the latter principle about the same time. 
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The first principle of heredity learned through studies of monohybrids 
is known as segregation, and because the genes remam constant entitle 
down through the generations segregation is often described as the halving 
‘nature of heredity. ° An organism gets one member of each pair of chro¬ 
mosome from each of its parents, giving it the 2n, or dl P lold .’ nu ^ ber 
chromosomes. In turn it will pass on at random to each of its‘ offs P nn 8 
one or the other member of each of its pairs of chromosomes, thus trans¬ 
mitting the n, or haploid, number. Heredity is a halving P rocess , 

There are a few well-known characters of farm animals which behave 
as unit characters, i.e., as though dependent on but one pair of genes^ 
For example, black cattle crossed with red yield an F, generation which 
is black, and the F, yields a ratio of 3 blacks to 1 red. In swine erec 
ears show dominance over lop ears, white color over black, mule foot 
over normal foot; in sheep, white fleece is generally dominant over black, 
although a dominant black gene is present m some breeds; in horses, the 
trotting gait is dominant over pacing, gray color over chestnut. 

Ibsen has made an extended study of the inheritance of coat colors in 
cattle. 1 It was found necessary to postulate about 25 genes to account 
for the now-known color patterns in our domestic cattle. This example 
serves to show the extreme complexity of the problem of inheritance in 
our larger animals. It is undoubtedly even more complex in regard to 
their commercially valuable qualities. Who would dare even to guess 
how many genes may be involved in the final expression of the amount of 
milk a cow may yield, to say nothing of the environmental influences 
involved in such a matter? We can be fairly sure of the fact that a 
great many genes are involved in determining the characteristics of our 
livestock, and we can be very sure that they behave in ways comparable 
to those used as illustrations of different types of inheritance in this and 
the following chapters. It may be that we shall never know the exact 
number and the interrelations of the genes involved in milk production. 
Nevertheless, it should be possible to improve our breeding practices 
on the basis of the general principles involved in the hereditary trans¬ 
mission of characteristics. 

Ibsen has also postulated that at least four pairs of genes are operative 
in the matter of whether a bovine does or does not have horns, viz., 
HH genes, present in all cattle; P or p; Sc or sc (scurs); and Ha or ha 
(African horns). The latter two gene pairs are sex-influenced; i.e., Sc sc 
results in scurs in the male and no scurs in the female; the same is true 
for Ha ha. If a breeder is trying to rid his cattle of horns, he would use a 
polled bull. Such a bull we know is HH sc sc ha ha. He could be PP or 
he could be Pp. What he is for the P gene can be learned from the calves 

1 Ibsen, A. H. L., Cattle Inheritance (Color), Genetics, 18 : 441-480, September, 
1933. 
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he gets when mated to homed pp cows. If a breeder always used 
HH PP sc sc ha ha bulls, he could gradually rid himself of any p, Sc or 
Ha genes his present herd of cows contains. 

Lack of Dominance. In the early part of the twentieth century, soon 
after the rediscovery of Mendel’s laws of heredity, there was a tendency 
toward oversimplification of the theory. That is to say, there was a 
tendency to think of each character as being determined by one gene 
only. We now know that, rather than one gene’s determining a poten¬ 
tiality, many or all the genes, together with the environment, interact to 
being the potentiality to full fruition; though, of course, one gene may 
still determine the appearance or nonappearance of a definite potentiality. 

In like manner the idea of dominance prevailed in the early days of 
genetics. We now recognize that dominance is a relative rather than an 
absolute term. For example, brown eye color in man is dominant over 
blue, but the blue-eyed condition is, in turn, dominant over red or pink 
eyes (albinism). Whether blue eyes are dominant or recessive depends, 
therefore, on the characteristic with which they are being contrasted. 
There are varying degrees of dominance, from complete dominance to an 
entire lack of dominance. The possibility also exists of the phenomenon 
of overdominance, in which case the heterozvgote is superior to either 
homozygote. 

The results from crossing tall with dwarf peas, smooth with rough 
guinea pigs, or polled with horned cattle are clear-cut because in each 
case one character is wholly dominant over its allele. If, however, a 
cross is made between a red and a white Shorthorn, the result is a roan 
(mixture of red and white hairs) color pattern. Likewise a cross between 
a black and a white fowl gives the typical Blue Andalusian pattern, and a 
cross between red- and white-flowered four-o’clocks gives a pink hybrid. 
In these cases dominance is lacking. Hybrids of this sort never breed 
true to their own phenotypic appearance because their phenotypic 
character is due to the interaction of two genes, but they can transmit 
only one gene or the other to any one offspring. A red Shorthorn is RR, 
a white Shorthorn is rr, and a roan is Rr, so that, where dominance is 
lacking, the phenotype tells us the genotype. Where dominance prevails, 
the phenotype does not distinguish between the homozygous dominant 
and the heterozygote. Holstein and Angus breeders are still plagued by 
the recessive gene for red, whereas Suffolk horse breeders have no such 
comparable trouble because chestnut color in horses is recessive. 

Multiple Alleles. When an animal is heterozygous for any quality, 
we call the two genes alleles. In Mendel’s peas, for example, a hybrid 
between tall (TT) and dwarf (tl) is Tt. Gene T is the allele of gene /, and 
vice versa. It is believed that genes are complex protein molecules, 
which means that they probably consist of the chemical atoms carbon, 
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Fio. 61. Three alleles of a gene for coat color xn rabbits. Top. colored; center. Himalayan 
albinism; bottom, complete albinism. (From Cattle, in Journal of Heredity.) 


hydrogen, oxygen, nitrogen, and perhaps several other kinds of atoms 
(phosphorus, potassium, iron, and others). How many separate atoms 
make up a gene we do not know—perhaps a million. These atoms 
are not hodgepodge; they are always arranged in a very definite pattern. 
Now this definite arrangement may become changed, just as pieces of 
furniture in a room can be rearranged. It may be that gene T is one 
arrangement of atoms and gene / a different arrangement of the same 
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atoms. If one rearrangement is possible, then perhaps still other 
arrangements of atoms are possible. In short, perhaps we could have 
not only genes T and / but also gene t'. Some types of heredity behave 
this way. We call this feature multiple alleles . 

If we cross a colored rabbit with an albino, the F x are colored and we 
get 3 colored to 1 albino in the F t . If we cross a colored rabbit with a 
Himalayan (white with black nose, ears, tail, and feet), the F x are colored 
and we get 3 colored to 1 Himalayan in the F 2 . If we cross Himalayan 
with albino, the F x are Himalayan and we get 3 Himalayan to 1 albino 
in the F 2 . From this behavior in breeding we assume that we are dealing 
with the same gene which has two alternative forms. There are, in other 
words, three genes in this multiple-allelic series, and since any rabbit 
can have any two of them and we know the dominance relations among 
the three genes, we can write the possible genotypes of the various kinds 
of rabbits as follows, letting C stand for colored gene, c* for Himalayan 
gene, and c for the albino gene: 

Colored rabbit. CC or Cc* or Cc 

Himalayan rabbit.c*c* or c*c 

Albino rabbit. cc 

We have a similar situation in man as regards blood type, although 
the dominance relations are different. We do not inherit blood from 
our parents (it is made by the embryo, just as are bone, muscle, and so 
on), but we do inherit our type of blood. There are four blood types in 
the human which are derived from the interaction of three allelic genes. 
The first gene is A, the second A b } and the third a. Genes A and A b are 
both dominant over gene a, but there is a lack of dominance between 
genes A and A b , thus giving a new type, just as gene R (red) and r (white) 
in Shorthorns give a new type, Rr (roan). 

So we can write the genetic make-up of men for blood type as follows: 

Type A = A A or Aa 
Type B - AM* or A h a 
Type AB - A A* 

Type 0 - aa 

This knowledge of the inheritance of human blood type is used in the 
courts in some states in the United States to establish possible paternity 
in disputed cases. Many other genes in the human affect other phases 
of blood types. Many of the blood types of cattle have been worked out, 
and practical use of this knowledge is made in determining the prob¬ 
able parentage of animals in cases where there is some doubt. This is 
very useful in artificial breeding, and many or most of these bulls are 
blood-typed. 






189 

QUALITATIVE HEREDITY 

A series of 14 alleles in a gene m^cmg postu- 
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and the other taiU » 1/ / • 7 ’ th t the chan ce of getting 

and the latter heads is 1/2 X 1/A or in , /2 T ikewise 
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J We t0 ::^x n |/2 X 1/2, or 1 chance in 8, and the chance that we 

abihties j.e * ^ three coins being tossed the two-heads- 

and-one-tail combination can appear from any of three combmation ^ 

Likewise, we would have a 3/8 chance of getting one head and two 

and a 1/8 chance of getting three tails. . . 

This is seen to be simply an expansion of the binomial (a + 0) , where 
i/2 b - 1/2, and n is any number. We can let a represent heads 
Jchance’l/2) and 6 represent tails (chance 1/2). Therefore we can 
quickly find the answer to the question, How many times in tosses of 
three coins simultaneously will we get two heads and one tail? Expand¬ 
ing the binomial, we have a* + 3a’fe + Safe’ + b>. The coefficient of 
each succeeding term in the expansion of a binomial is obtained by 
multiplying the coefficient of the present term by the exponent of a and 
dividing by the number the present term is in the series. Since we are 
dealing with the two-heads-and-one-tail combination and a stands for heads 
and 6 for tails, we select the second term of the expansion 3a’b and substi¬ 
tute the values for a (1/2) and 6 (1/2), and we have 3 X (1/2) X 1/2, 

or 3 X 1/4 X 1/2 = 3/8. . , . , ...... 

The procedure is the same for any problem involving probabilities, 

viz., first find the probability of each separate event and then substitute 
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these values in the proper term of the expanded binomial. If, f or 
instance, we wanted to know how many times in clutches of 8 eggs from 
birds that are heterozygous for both A and B t i.e., of the genetic consti¬ 
tution AaBb, we would get 6 feather-shanked and 2 clean-shanked birds, 
first we must remember that these are duplicate genes and that either 
A or B or both will produce feathered shanks, while aabb is clean-shanked. 
The ratio from these parents is then 15 feathered :1 clean. We will let 
a stand for feathered and 6 for clean. Now our term in the binomial 
expanded to the eighth power is a 8 + 8a 7 6 + 28a # 6 2 . . . , and we now 
substitute the values for a and 6, giving: 



318,937,500 ., , /lrt 

4,294,966,296 ' ° r r0Ughly 1/13 


In other words, once out of 13 times we can expect to get 6 feathered and 
2 clean-shanked birds from clutches of 8 eggs when the parents are double 
heterozygotes for the two pairs of genes that act in a duplicate fashion 
in producing this characteristic. 

In cases where there are three possibilities, e.g in a cross between two 
red hogs that are double heterozygotes for the two pairs of genes either 
dominant of which by itself produces sandy-colored hogs in a 9:6:1 ratio, 
we would have to expand the trinomial (a + 6 + c)\ 

Another way of arriving at the probability for any numerical combina¬ 
tion of two qualities without expanding the binomial is by use of the 
following formula: 


where factorial n is the total number involved; factorial r is the number 
of one alternative; factorial s the number of the other alternative (and 
r + s = n); p is the probability or hereditary expectation of obtaining 
the first alternative; q the probability or hereditary expectation of obtain¬ 
ing the other alternative (and p + q = 1). Applying this to the above 
example, we would have: 

8! / 15V / 1 V 8-7-6-5-4-3-2-1 
6!2! \16/ \lfi/ ’° r 6-5-4-3-21X2l’ 

or ¥ or 28 (S) (i) ’ or about 1/13 

Chi-Square. Since the chromosomes assort at random during the 
reduction division in germ-cell production (meiosis), and since the 
gametes thus produced unite at random at fertilization according to the 
laws of probability, the occurrence of various combinations of characters 
among the offspring can be predicted. 
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Degrees of 
freedom 


.00016 

.0201 

.115 

.297 

.554 

.872 

1.239 

1.646 

2.088 

2.558 


.00393 
.103 
.352 
.711 
1.145 
1.635 
2.167 
2.733 
3 325 
3.940 


.148 

.713 

1.424 

2.195 

3.000 

3.828 

4.671 

5 527 

6 393 
7.267 


.455 

1.386 

2.366 

3.357 

4.351 

5.348 

6.346 

7.344 

8.343 

9.342 


30 | 

.05 

1.074 

3.841 

2.408 

5.991 

3.665 

7.815 

4.878 

9.488 

6.064 

11.070 

7.231 

12.592 

8.383 

14.067 

9.524 

15 507 

10.656 

16.919 1 

11.781 

18.307 | 


6.635 
9.210 
11.345 
13.277 
15.086 
16.812 
18.475 
20.090 
21.666 
23.209 


' . Abridged from T.bl, Ill of Fmn: M-W- tor published by 

Oliver »nd Boyd, Ltd.. Edioburrt, by permission of the .uthor .nd pubhshets. 


search for some other more plausible theory. In short, what is the 
probability of getting equally large or even larger deviations from the 
expected 3:1 ratio in the Ft. This work is shown in Table 8. 

We now consult Table of Chi-Square (Table 9) and read across the 
first line and find that our figure 2.22 lies between the columns headed 
30 and .05. We interpret this as meaning that the observed variation 
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from the 3:1 expected F 2 ratio is to be expected in somewhere between 
5 and 30 per cent of such cases. In short, this difference is not significant, 
so we can say that the hypothesis that this is a monohybrid with domi¬ 
nance is not disproved. It is evident that the greater the deviation the 
larger x 2 becomes. If it gets to the size of the figures in the .05 column 
of the Chi-Square Table, we say the difference is significant (theory 
probably not true) because that large a deviation from expectation would 
occur only once in 20 times by chance alone. If it gets as large as or 
larger than the figure in the table under the column headed .01, we say 
the deviation from expectancy is highly significant; i.e., it would occur 
by chance only once in 100 or more times. In using x 2 always consult 
the line corresponding to one less than the number of F 2 classes involved 
in the theory. In our examples we expected two F 2 classes, so we used 
the figures in line 1 in interpreting x 2 . If we had been testing a dihybrid 
theory with its expected four F 2 classes, we would have used line 3, 
and so on. 

Sex-linked Heredity. In the examples used thus far to illustrate 
various types of heredity it has made no difference whether character A 
was in the male and character B in the female or vice versa. The crosses 
would work as well one way as the other. The reason for this lies in the 
fact that the qualities thus far studied have been determined by genes 
located in the autosomes. In the human, for example, there are 24 pairs 
of chromosomes. Of these pairs 23 are autosomes and are alike in both 
sexes so far as their general form is concerned. The remaining pair, 
however, is different in the two sexes. In the female there is a pair of 
straight chromosomes called the X chromosomes, making up this twenty- 
fourth pair, while in the male there is one straight chromosome X and 
its mate is a bent chromosome called the Y chromosome. These are the 
sex chromosomes. In the female there are two X chromosomes and in 
the male one X and one Y chromosome. These pairs of sex chromosomes 
are therefore distinguished from the other 23 pairs in the human, which 
are called autosomes. The same type of XY heredity is present in our 
farm animals, except poultry. 

We are now ready, therefore, to consider the matter of sex-linked 
heredity. Sex-linked simply means that the gene for the quality lies in 
one of the sex or X chromosomes. An example of this type of heredity 
is found in the fruit fly; it has to do with the color of the eyes, the gene 
involved being R for red eyes and r for white eyes. The genetic make-up 
of fruit flies for eye color is therefore: 

Male Female 

RX Y. red RX RX . red 

rXY. white RXrX . red 

rXrX . white 
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Fio. 62. Diagram of eroaa between red-> ed mala and whined ten*. 

Another example of sex-linked heredity is found in man. It concerns 
red-green color blindness. In this case normal vision C is dominant 
over color blindness c, so that a homozygous normal-visioned woman 
would be CX CX and a color-blind man cXY. There may be some 
linked characters in farm mammals, but up to the present none have 

^WeteTfrom the above that the female in the XY type of heredity is 
the homogametic sex; that is, all the females' eggs have an X chromosome. 
The male is the heterogametic sex, since one-half his sperm contain an A 
chromosome and the other half a Y chromosome. In poultry this situa¬ 
tion is reversed. Here the male is homogametic and has two Z chromo¬ 
somes, whereas the female is heterogametic and has a Z and a W chromo¬ 
some, the different letters being used to differentiate from the XY used 
with mammals. An example of sex-linked heredity in poultry is the 
barred pattern, B standing for barred and being dominant and b standing 
for the nonbarred pattern. A nonbarred male would therefore be 
bZ bZ, and a barred female would be BZ W. Other sex-linked genes are 
known in poultry. 

Sex-influenced Heredity. Sex-influenced heredity must not be con- 
fused with sex-linked heredity, which we have just discussed. Sex-linked, 
heredity has to do with genes in the sex chromosomes. Sex-influenced 
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heredity has to do with genes in the autosomes in which dominance 
is different in the two sexes. We therefore do not use the X and Y 
notation when dealing with sex-influenced characters. One simple 
sex-influenced character in man is a certain type of baldness. We 
designate this by the gene B and normal head covering by the gene 6. A 
man who is BB or Bb becomes bald, and one who is bb does not. A 
woman with BB becomes bald, but one with Bb or bb is nonbald. In 
other words, the homozygous condition is the same in both male or 
female, but the heterozygous condition Bb develops differently in the two 
sexes. This, undoubtedly, is due to the different types of hormones in 
the male and the female. It points up again the importance of both 
heredity and environment, since an identical heredity expresses itself 
differently in the different internal environments of men and of women. 

Another example of sex-influenced character is the mahogany color in 
Ayrshires, where MM in either sex gives the mahogany and white color; 
mm in either sex gives the red and white color; whereas Mm in the male 
gives mahogany and white, and Mm in the female gives red and white. 

Dihybrid Heredity. Mendel crossed round peas RR with wrinkled 
peas rr and got all round peas in the F x of this cross and 3 round to 1 
wrinked in the F 2 generation. He crossed plants having yellow cotyle¬ 
dons YY with those having green cotyledons yy and got all yellow 
cotyledons in the F x cross and 3 yellow to 1 green in the F 2 . Mendel 
then crossed plants with round seed and yellow cotyledons with those 
which had wrinkled seed and green cotyledons. In the F x he got nothing 
but round seed and yellow cotyledons. But when he made the F 2 by 
crossing some F,'s he got the following results: 

315 round and yellow 
108 round and green 
101 wrinkled and yellow 
32 wrinkled and green 

The F 2 phenotypic ratio in a monohybrid showing dominance is 
3:1, so in a dihybrid (if the respective sets of genes are in different 
chromosomes) we would expect the ratio in the Fj to be (3:1) 2 or 9:3:3:1, 
and the trihybrid F 2 ratio would be (3:1)*. 

Mendel’s actual results were 315 round, yellow; 108 round, green; 
101 wrinkled, yellow; 32 wrinkled, green. This is a total of 556 plants. 
Dividing 556 by 16 gives us 34.75, so that the expected ratio of 9:3:3:1 
for 556 plants becomes 312.75:104.25:104.25:34.75. The slight varia¬ 
tion of what Mendel actually got from what is theoretically expected is 
due purely to chance. 

Thus Mendel demonstrated with statistical evidence that the chromo¬ 
somes do assort independently, so that the second law of heredity is inde - 
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animal B (good where A is not so good) and hope for two things: (1) that 
their offspring X will be better than its parents, and (2) that it will pass 
along a combination of the good characteristics of its parents A and B to 
its own offspring. Again refer this in your mind to the germ cells. 1 he 
operation of the second law of heredity makes breeding advance possible, 
for it enables the breeder to develop entirely new combinations of the 
better qualities of his animals. 
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We might mate a rough-coated, black guinea pig with a smooth, white 
one, getting an F x that was rough and black; and an F 2 of that would be 
proportionately and phenotypically 9 rough, black; 3 rough, white; 
3 smooth, black; and 1 smooth, white. Likewise, a mating in cattle of 
polled, black on horned, red would give a polled black F x and an F 2 (if 
large enough) consisting of the proportions of 9 polled, black; 3 polled, 
red; 3 horned, black; and 1 homed, red. 

Referring to the phenotypic and genotypic ratios of our dihybrid, we 
had, you remember 9 plants that were round and yellow. All 9 belonged 
to the round, yellow phenotype. But these 9 included 4 different geno¬ 
types, namely, RR YY, RR Yy, Rr YY and Rr Yy. Though looking 
alike, these 4 types would, of course, not breed alike. 

If dominance exists in both pairs of genes involved in a dihybrid cross, 
the F 2 phenotypic ratio will be 9:3:3:1. If it exists in one pair of genes 
but is lacking in the other, a different ratio will result. In cattle, polled is 
dominant to horns, but in Shorthorns neither the red color nor the white 
color is dominant, as we saw earlier. If we cross a polled, red Shorthorn 
with a horned, white one, we would have: 

PP RR X pprr 
Pp Rr a polled roan 

If we make the F 2 from this, we get the following ratio: 

3 polled, red 1 horned, red 

6 polled, roan 2 horned, roan 

3 polled, white 1 horned, white 

And if we had both qualities lacking dominance, our phenotypic ratio 
would become 1:2:2:4:1:2:1:2:1. 

The above dihybrids involved 2 pairs of genes determining 2 different 
qualities. Cases are also known where 2 pairs of genes act upon the 
same quality. Comb pattern in poultry is an example. If a bird has the 
double recessive rr pp, it is single-combed; if it is RR pp or Rr pp, it is 
rose-combed; if rr PP or rr Pp, it is pea-combed; and if it has at least one 
R and one P, it will be walnut-combed. 

Epistasis. Other deviations from the standard 9:3:3:1 F 2 dihybrid 
are caused by epistasis. If one gene of a pair masks the presence and 
prevents the manifestation of its allele, we say the first is dominant. 
Likewise a pair of genes may mask the presence and manifestations of 
another pair of genes. This feature is called epistasis. Several kinds of 
epistatic gene action are known, and the epistatic genes themselves may 
be either dominant or recessive. 

If we mate a black rat, A A BB (gene A for color, genes aa diluted color, 
gene B for expression of any color, genes bb masking all color, that is, 
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Rose 
RR pp 



Pea 
rr PP 



Walnut 



Fio 64. Diagram showing interaction of factors for comb form in fowls. The cross> of a 
cure roso-comb bird with a pure pea-comb one gives all walnut-combed offspring. The 16 
Josaible combinations of the F i gametes, with their genotypes and the phenotypes result.ng 
from factor interaction, are shown in the Ft checkerboard. 


aiiu vus • — 

(From Sinrxoll and Dunn.) 


epistatic to A), to an albino rat aa bb, all the F i are black, A a Bb ; whereas 
the F 2 will appear as 9 blacks, 3 creams, and 4 albinos. This is due to the 
fact that the presence of at least one A and one B produces black, two 
a’s and at least one B produce cream, whereas either A A, Aa, or aa, 
together with 6’s produce albino. This is because the 6’s mask the expres- 
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sion of A or a; that is, b is epistatic to A or a, so that the last two portions 
of the usual 9:3:3:1 ratio are thrown together phenotypically. The 
above is called recessive epistasis. 

Another manifestation of epistasis is one that throws the two middle 
portions of the 9:3:3:1 ratio together phenotypically. An example of 
this occurs in Duroc swine, where one sandy-colored race is A A bb and 
another aa BB. When crossed, the F\ are all red ( Aa Bb) ; in the F 2 those 
which get at least one A and one B are red, those getting neither A nor B 
are white; all the others, getting at least one A with two 6’s (or at least 
one B with two a’s), are sandy. A similar case in plants has been found 
in the fruit shape of squash, where genes A and B together give disk 
shape, genes A A or A a with bb and genes aa with BB or Bb give spher¬ 
ical shape, and the double recessive genes aa bb give elongated shape. 
This is called incompletely duplicate epistasis. 


ceno- , n in iv v vi vn vm ix 

TYPtS CLASSICAL 



Fio. 05. Phenotypic classes in two-gene Ft. due to dominance and epistasis. 


It has been found that a certain type of white dogs, A A BB (with color 
in the eyes), if mated to brown dogs, aa bb, produce all white offspring, and 
that, when these Fi are mated, the ratio of 12:3:1 appears in F 2 . This 
apparently is due to the fact that the white dog carries color genes ( A) 
that are inhibited from forming color in the hair by another gene (£). 
The brown dogs, aa bb, lack the gene for black color A, being, therefore, 
brown in color, for they also lack the inhibitor B. The F i cross is Aa Bb 
and is white because of the dominant epistatic effect of gene B over genes 
A or a, whereas in the F 2 all those getting at least one B are white, those 
getting 6’s and at least one A are black, and the rest, aa bb, are brown. 
Genes that behave in this fashion are often called inhibitors. This is 
generally called dominant epistasis. 

In the human one type of deafness shows duplicate recessive epistasis, 
one deaf parent being AA bb and the other aa BB. The F i getting A from 
one parent and B from the other have normal hearing but yield progeny 
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Of Which 9 have normal hearing and 7 are deaf Duplicate dominant 
epistasis is found in shank covering in poultry yeWing a 15 feathered. 1 
clean-shanked ratio in the F„ and finally one type of white feathering in 
poultry yields a 13:3 F, ratio, which is explainable on the basis of the 
cross involving both a dominant and a recessive type of epistasis. 

At present we have very few clear-cut examples of epistasis in farm 
mammals, but it is not difficult to imagine that there may be almost 
limitless numbers of possible epistatic reactions actually present in them. 
Dominance is a hindrance in breeding because it makes it impossible to 
separate the homozygotes and heterozygotes by inspection. Likewise, 
epistasis is a hindrance in breeding since, if any desirable qualities of an 
animal are due to epistatic combinations, they may not be passed on intact 
to offspring because of the halving nature of heredity. Almost no prac¬ 
tical applications of epistasis are now possible in farm mammals, but 
knowing the principle cannot harm a breeder, and the principle may offer 
a partial explanation of some things that take place in the barnyard. 

Linkage and Crossing Over. When Mendel made his dihybnd cross 
of round seed-yellow cotyledon with wrinkled seed-green cotyledon 
he discovered the primary law of the independent assortment of the 
chromosomes. He was able to do this because the two qualities he was 
studying were determined by dominant genes which were located in dif¬ 
ferent chromosomes. Since the chromosomes always assort inde¬ 
pendently, so characters will assort if they are controlled by genes which 
lie in different chromosomes. 

There are hundreds of genes in each chromosome. It was inevitable, 
therefore, that eventually someone would be working with two characters 
that were controlled by two genes which were located in the same chromo¬ 
some rather than in different chromosomes. In that case, even though 
there was dominance in both characters, the nice 9:3:3:1 ratio would not 
be obtained in the F 2 . 

In 1906 Bateson and Punnett in England were breeding sweet peas. 
Because crosses of purple (dominant) and red had given a 3 purple: 1 red 
ratio in the Ft, and long pollen grains (dominant) and round had also given 
a 3 long: 1 round ratio in F 2} it was expected that a cross of purple-long 
with red-round would give a 9:3:3:1 ratio in F 2 . Instead of this Bateson 
and Punnett obtained the results shown in Table 10. 

It is evident from Table 10 that these two characters of sweet peas did 
not follow the second Mendelian law and assort into all the possible com¬ 
binations in an independent fashion. The two things that went in 
together from the grandparents, purple and long from one grandparent 
and red and round from the other, tend to be held together, so that we get 
more of these combinations than we expected in the F 2 and fewer than 
expected of the new combinations (purple, round and red, long). Since 
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the characters tend to stay together, this feature of heredity is called 
linkage. 

The genes for color of flowers (purple or red) and for shape of pollen 
grain (long or round) are located in the same chromosome and therefore 
tend to be passed along together. This is diagramed in Fig. 66. 


Table 10. Expected and Actual Ratios in Sweet-pea Cross 


Characteristics 

No. got 

Ratio 

No. expected 

Ratio 

Purple, long. 

4,831 

12 


9 

Purple, round. 

390 

1 


3 

Red, long. 

393 

1 

1,303.5 

3 

Red, round. 

1,338 

3 

434.5 

1 

Totals. 

6,952 


6,952.0 



Bateson and Punnett did get some new combinations in the cross shown 
in Fig. 66, although not as many as they had expected according to the 
law of independent assortment. They expected 2,607 and got only 783. 
The new combinations do occur, but less frequently than expected. This 


Gene R 
Gene L 


Parents 




i(D d); 


Gene R 
Gene L 


Offspring 



Gene r 
Gene 1 


Fro. Bfi. Diagram of purple-long X red-round cross in sweet peas. 


makes it appear that the chromosomes do not always remain intact, 
but that somehow part of one chromosome has joined up with part of its 
mate, and vice versa. The first step as germ cells are about to be formed 
in the testes or ovaries of an animal consists in the paternal and maternal 
members of each pair of chromosomes being attracted to each other, 
conjugating or coming to lie close to each other, and also twisting about 
each other, like twisting two small pieces of rubber tubing in the hands. 



















QUALITATIVE HEREDITY 


201 


This process is called synapsis. The two joined homologous chromosomes, 
each having doubled, form a bundle of four chromatids called the tetrad. 
When the bundle of four chromatids untwist, there may be an equal inter¬ 
change of chromatin material (genes) between two non-sister chromatids. 
This is the mechanism of crossing over. It has been proved to happen by 
investigators finding chromosomes with some distinguishing mark so that 
they could be recognized when seen again under the microscope. Thus 
we have proof that the chromosomes (non-sister chromatids) do some¬ 
times interchange parts with their mates. 

In the case of the purple-long cross with the red-round the percentage 
of crossing over is determined by dividing the number of crossovers (390 + 
393), 783, by the total population of 6,952, giving 11 per cent. Many 
cases of double or triple or even higher degrees of crossing over are known. 



Fio. 67. Diagrammatic representation of single crossing over between homologous chromo¬ 
somes 1-3; and double crossing over 4 and 5. 

This is diagramed in Fig. 67. We must bear in mind that the chromo¬ 
somes always assort independently according to the second primary law of 
heredity. Genes will also assort independently if they are in different 
chromosomes, but if they are in the same chromosome they will show 
various degrees of linkage and crossing over. 

There can be no doubt that linkage and crossing over occur in all our 
farm animals as well as in humans. We know little or nothing about 
them in a practical way for the very simple reason that we cannot get 
enough offspring in the large animal species to demonstrate these features 
of heredity. 

Linear Order and Mapping. If we assume, as seems to be the case, that 
the maternal and paternal chromosomes, after synapsis and when they 
begin to unravel, can break as easily at one point as at another to form a 
new combination with the opposite chromosome, then it is readily seen 
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that the closer together two genes lie in the chromosome the less likelihood 
there is of a break occurring between them. Likewise, the farther apart 
two genes lie in the paired chromosomes the greater the likelihood of a 
break occurring between them. For example, it has been found by 
Morgan and his co-workers in the fruit fly that the crossover percentage 
between the genes for yellow body color and white eyes is 1.5 and that that 
between white eyes and bifid wings is 5.5. Further crosses involving 
yellow body color and bifid wings gave a crossover value of 7.0 per cent. 
The simplest explanation of these results is that these genes lie in a straight 
line, for no other geometric configuration can explain the results equally 
well. If, therefore, we know that three genes are in the same chromosome 
because they all show linkage with each other, and if breeding results show 
that the crossover percentage between genes A and B is 5 and that between 
B and C is 10, then we can predict that the crossover percentage between 
A and C will be either 15 or 5. It will be either the sum or the difference 
of the two already-ascertained crossover percentages, depending on which 
side of B the gene C happens to lie. 

The above procedure in locating genes in a line on the basis of cross¬ 
over percentages holds good only when we are dealing with genes lying 
fairly close together, for, if the genes are far removed from each other, 
there may be double or multiple crossing over that would becloud the 
actual situation. On the basis of crossover percentages some of the 
chromosomes in the fruit fly are over 100 units long. 

By means of linkage studies genes can be located in specific chromo¬ 
somes; and, on the assumption that crossing over is as likely to occur 
at one point as at another in the chromosome, they can be located at 
definite points in the chromosome. The unit of distance is taken as 
1 per cent of crossing over, so that if gene B shows 5 per cent of crossing 
over with gene A, it is placed 5 units away from A. Obviously, genes 
that are 100 units removed from each other do not show 100 per cent of 
crossing over. Thus genes “star” and “speck” in the second chromo¬ 
some in the fruit fly are 105 units apart on the maps (Fig. 68), but they 
show a crossover value of only 48.7 per cent because of double and multi¬ 
ple crossing over. These long distances between genes are arrived at 
by sum mating the crossover percentages of genes lying fairly close 
together between the widely separated genes. 

The chromosome map of the fruit fly is the most complete map at 
present, but that of the 10 chromosome pairs in com is growing rapidly. 
These maps have grown out of thousands of breeding experiments and 
must be acknowledged to be among the most ingenious of human achieve¬ 
ments. Some 500 to 600 mutant characters have been discovered in the 
fruit fly. The fact that a map such as that shown in Fig. 68 can be made 
for this tiny organism is amazing. If anyone wanted fruit flies with 
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Fio. 68. Linkage map for DrotophUa melanogaster, showing relative positions of many of the 
known genes in the chromosomes as determined genetically. The letters in parentheses 
indicate the portion of the fly in which the characters appear: B, body ; E, eye; H, hairs- W 
wings. The arrows indicate positions of spindle-attachment regions. In the Y-chromo- 
some, long bristled, which is the normal allelomorph of ** bobbed." and the two factors 
lor male sterility have not been precisely located. In chromosome IV the genes are all 
Stern (1929) j ® d ‘ ^ From Shar P< adapted from Morgan, Sturtevard, and Bridge* (1925) and 
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certain combinations of characters, he could write to a laboratory carry¬ 
ing on experimental breeding with this organism and state his wishes 
If such flies were not then available, they could very soon be created’ 
much as a prescription is filled by a pharmacist. 

Interference and Limitation. The final two principles of heredity are 
called interference and limitation of the linkage groups. Interference 
means that, if a break between the maternal and the paternal chromo¬ 
somes of a pair occurs at synapsis at a certain point, the nearby areas 
of those chromosomes will not show a break and consequent crossing 
over of genes but that breaks may occur at greater distances from the first 
break where the chromosomes twist about each other. 

The final principle is called limitation of linkage groups. It means 
that if a species has 4 pairs of chromosomes, as does the fruit fly, there 
will be 4 sets of linked genes, one set for each pair of chromosomes. In 
corn, with 10 pairs of chromosomes, there are known to be 10 linkage 
groups. In the mouse there are 20 pairs of chromosomes, and at present 
15 linkage groups are known. In the rabbit there are 22 pairs of chromo¬ 
somes, and 11 linkage groups of genes are now known. This final prin¬ 
ciple means that there are no more linkage groups in any species than 
there are pairs of chromosomes. 

Application to Farm Animals. The foregoing principles of heredity 
have been worked out from breeding experiments with plants, insects 
or small laboratory animals. These species reproduce rapidly, have 
large numbers of offspring, small numbers of chromosomes, and are 
inexpensive to grow. None of these three features holds with our larger 
farm animals. 

The principles have been used, however, to explain various types of 
inheritance in the larger farm mammals. Up to the present there have 
been no contradictions of the established principles, although in many 
instances the principles must be applied in general rather than in specific 
ways. Unfortunately, in the higher animals we have large numbers of 
chromosome pairs and small numbers of offspring. This, together with 
the fact that the environment is so diverse and its influence in many 
cases so great, leads to many difficulties in applying the known princi¬ 
ples in a specially detailed manner. 

Evidence Supporting the Gene Theory of Inheritance. Many lines 
of evidence lend support to the chromosomal, or gene, theory of inherit¬ 
ance. First and foremost is the fact that almost all organisms arise 
from the union of an egg from the female parent and a spermatozoon 
from the male parent, and because the two germ cells, egg and sperm, 
are alike only as to their nuclei, it seems logical to conclude that the 
determiners of potentialities are located in the two nuclei which contain 
the chromosomes, which in turn are made up of genes. 
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Additional support for the theory is found in the phenomenon known 
as parthenogenesis , that is, an organism arises from an egg that has been 
stimulated to cell division without fertilization. Parthenogenesis occurs 
regularly in the life cycle of certain insects and can be induced artificially. 
These organisms evidence maternal characteristics only. In like manner 
an egg whose nucleus has been removed or inactivated by X rays may be 
fertilized by a sperm, and in this case the organism will evidence paternal 
characteristics only. 

Further evidence is available from cytological studies which have 
demonstrated that, if one of the small (IV) chromosomes in Drosophila 
is lost from an egg or sperm, the resulting offspring is different from a 
normal fly in many parts of the body; t.e., specific effects are produced 
by this IV chromosome. For example, if a female with normal eyes but 
having only one IV chromosome is mated with a mutant eyeless male, 
half the offspring are eyeless, and they are also weak individuals, many of 
them not getting through the pupal state successfully. This proves that 
the gene for the eyeless condition is located in the small IV chromosome. 

The behavior in inheritance of sex-linked characters, i.e. t characters 
determined by genes located in the sex chromosomes, is additional 
strong evidence that the genes located in the chromosomes of the nuclei 
of the sex cells, ova and spermatozoa, are the actual determiners of the 
potentialities of any organism. 

Finally, the work of Stern with Drosophila and of Creighton and 
McClintock with maize, which demonstrates a complete correspondence 
between genetic and cytological crossing over, seems to furnish the final 
bit of positive proof for the complete substantiation of the chromosomal, 
or gene, theory of inheritance. 

Summary of Modern Genetic Theory. The modern theory of inherit¬ 
ance is based upon the behavior in gametogenesis and ontogeny of more 
or less hypothetical entities called genes. However, the theory has now 
been tested by means of thousands of planned breeding experiments and 
has been corroborated by numerical data, as indicated in the definite 
numerical ratios for the mono-, di-, tri-, and polyhybrids. In other 
words, the theory is no longer a theory; it is an established fact. It 
should be recalled that the facts of breeding came first and the theory 
to explain the facts followed. We demand two things of any theory: (1) 
that it logically explain events that have taken place in the past and (2) 
that its principles enable us successfully to predict future happenings. 
These criteria have been successfully met by the chromosomal, or gene, 
theory of inheritance. 

In brief, the gene theory assumes that the characteristics of an organism 
are conditioned by paired genes located at similar loci in homologous 
chromosomes; that one member of a gene pair may dominate the situa- 
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tion more or less fully in the developed organism, so that the other mem¬ 
ber of the pair is not externally recognizable; that the genes are organized 
into groups, each group forming a chromosome; that at the reduction 
division in gametogenesis one member of each homologous pair of chro¬ 
mosomes is found in each daughter cell; that the distribution of the 
homologous chromosomes to the daughter cells is at random; that previ¬ 
ous to reduction, i.e., during synapsis, equal interchanges of chromatin 
material may take place between the non-sister chromatids; and that the 
chromosomes are always organized in a definite manner, each gene in its 
particular place and the genes arranged in a linear series. 
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Problems' 

The following problems are designed to promote facility in correct genetic thinking. 
Not until you can work these and similar problems quickly and correctly will you 
have a comprehensive grasp of the genetic principles that they illustrate. 

1. If a homozygous rough-coated animal is crossed with a smooth one, what will 
be the appearance of the F,? Of the Fj? Of the offspring of a cross of the Fi back 
on its rough parent? On its smooth parent? 

2. A certain rough-coated guinea pig bred to a smooth one gives 8 rough and 7 
smooth offspring. What are the genotypes of parents and offspring? 

3. If one of the rough F, animals in the preceding question is mated to its rough 
parent, what offspring may be expected? 

1 These problems are taken for the most part from lists in Sinnott and Dunn, "Prin¬ 
ciples of Genetics," 3d ed., McGraw-Hill Book Company, Inc., New ^ork, 1939, and 
are reproduced here through the kind permission of the authors. 
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4. Two rough-coated guinea pigs when bred together produce 18 rough and 1 
smooth offspring. What are the genotypes of the parents? 

6. Cross a homozygous rough, black animal with a smooth, white one. What 
will be the appearance of the F x ? Of the Ft? Of the offspring of a cross of the Fi 
black with the rough, black parent? With the smooth, white one? 

6. In the Ft generation in the preceding question, what proportion of the rough, 
black individuals may be expected to be homozygous for both characters? 

7. Note. Polled or hornless condition (P) in cattle is dominant over horned (p). 

A certain polled bull is bred to three cows. With cow A, which is horned, a horned 

calf is produced; with cow B, also horned, a polled calf is produced; and with cow C, 
which is polled, a horned calf is produced. What are the genotypes of all these four 
animals, and what offspring would you expect from these three matings? 

8. Note. In Shorthorn cattle the heterozygous condition of red coat color ( R) 
and white (r) is roan. 

If two roan Shorthorn cattle are mated, what chance will their offspring have of 
resembling their parents in coat color? 

9 . Two black female mice are crossed with a brown male. In several litters female 
No. 1 produced 9 blacks and 7 browns; female No. 2 produced 17 black. What deduc¬ 
tions can you make concerning inheritance of black and brown coat color in mice? 
What are the genotypes of the parents in this case? 

10. A breeder has a group of animals all of which are heterozygous for a given 
dominant character A, and thus have the genotype Aa. He wants to establish a 
race homozygous for A. To accomplish this he allows these animals to interbreed 
freely and then practices mass selection among their offspring, saving for breeding 
all individuals that show the character A and discarding only the aa aqimals. Mem¬ 
bers of one generation do not cross with any other. In the third generation, what 
proportion of the animals which have the character A will be homozygous for it? 
How could the breeder have established a homozygous strain more easily? 

11. If the breeder mentioned in the previous question is practicing mass selection 
for two characters, A and B, and his original animals have the genotype A a Bb, would 
selection be effective more rapidly or more slowly than when only one character was 
concerned? Explain. 

12. It has long been known that Blue Andalusian fowls do not breed true to the 
blue color of their plumage. How do you explain this? 

13. What offspring will a Blue Andalusian fowl have if bred to birds of the following 
plumage colors: (1) black, (2) blue, (3) white? 

14. Note. In man, brown eyes (B) are dominant over blue (6). A brown-eyed 
man marries a blue-eyed woman and they have 8 children, all brown-eyed. What 
are the genotypes of all the individuals in the family? 

16. A blue-eyed man both of whose parents were brown-eyed marries a brown- 
eyed woman whose father was brown-eyed and whose mother was blue-eyed. They 
have one child, who is blue-eyed. What are the genotypes of all the individuals 
mentioned? 

16. Assume that in man, right-handedness ( R ) is dominant over left-handedness 
(r). A right-handed man whose mother was left-handed marries a right-handed 
woman who has three brothers and sisters, two of whom are left-handed. What 
chance will the children of this marriage have of being left-handed? 

17. What are the chances that the first child from a marriage of two heterozygous 
brown-eyed parents will be blue-eyed? If the first child is brown-eyed, what are the 
chances that the second child will be blue-eyed? 

18. At the time of synapsis preceding the reduction division, the homologous 
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chromosomes align themselves in pairs and one member of each pair passes to each of 
the daughter nuclei. Assume that in an animal with four pairs of chromosomes, 
chromosomes A, B, C, and D have come from the father and A', B', C', and D' have 
come from the mother. In what proportion of the germ cells of this animal will all 
of the maternal chromosomes be present together? All of the paternal? 

19. If one individual is homozygous for four dominant factors and another for 
their four recessive allelomorphs, and if these two individuals are crossed, what propor¬ 
tion of the Ft from this cross will resemble each parent, respectively, in appearance? 

20. A rough, black guinea pig bred with a rough, white one gives 28 rough, black; 
31 rough, white; 11 smooth, black; and 9 smooth, white. What are the genotypes of 
the parents? 

21. Two rough, black guinea pigs when bred together have 2 offspring, one of 
them rough, white and the other smooth, black. If these same parents were to be 
bred together further, what offspring would you expect from them? 

22. If a homozygous polled, white animal is bred to a horned, red one, what will be 
the appearance of the F,? Of the F,? Of the offspring of a cross of the F, back with 
the polled, white parent? 

23. A polled, roan bull bred to a horned, white cow produces a horned, roan 
daughter. If this daughter is bred back to her father, what offspring may be expected 
as to horns and coat color? 

24. In swine, white coat is dominant over black and the “mule-footed” condition 
over that with normal feet. A white, mule-footed boar, A, always produces white, 
mule-footed offspring, no matter to what sow he is bred. Another boar, B, however, 
also white and mule-footed, when bred to black sows produces about 1/2 white and 
1/2 black offspring, and when bred to normal-footed sows, about 1/2 mule-footed and 
1/2 normal offspring. Explain this difference between these two animals by com¬ 
paring their genotypes for these two traits. 

26. In poultry, feathered legs (F) are dominant over clean legs (/); and pea comb 
(F) over single comb (p). 

Two cocks, A and B, are bred to two hens, C and D. All four birds are feather- 
legged and pea-combed. Cock A with both hens produces offspring that are all 
feathered and pea. Cock B with hen C produces both feathered and clean, but all 
pea-combed, but with hen D produces all feathered but part pea-combed and part 
single. What are the genotypes of these four birds? 

26. In poultry, the factors for rose comb (R) and pea comb (P), if present together, 
produce walnut comb. The recessive allelomorphs of both, when present together in a. 
homozygous condition, produce single comb. 

What will be the comb character of the offspring of the following crosses, in which 
the genotypes of the parents are given? 

Rr Pp X Rr Pp Rr Pp X Rr pp 
RR Pp X rr Pp Rr pp X rr Pp 
rr PP X Rr Pp Rr pp X Rr pp 

27. In the following 6ve questions, all of which concern comb form in poultry, 
determine the genotypes of the parents: 

A rose crossed with a walnut produces offspring 3/8 of which are walnut, 3/8 rose, 
1/8 pea, and 1/8 single. 

28. A walnut crossed with a single produces offspring 1/4 of which are walnut, 
1/4 rose, 1/4 pea, and 1/4 single. 

29. A rose crossed with a pea produces 6 walnut and 6 rose offspring. 

80. A walnut crossed with a single produces 1 single-combed offspring. 
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SI A walnut crossed with a walnut produces 1 rose, 2 walnut, and 1 single offspring. 
32. If one of the walnut parents in the preceding question were crossed with one 
of iti single-combed offspring, what would their offspring be like? , A _ /Q 

S3. A rose crossed with a walnut produces offspring 3/8 of which are walnut, 3/8 

rose 1/8 pea, and 1/8 single. What are the genotypes of the parents? 

34. A feather-shanked rose-combed crossed with a clean-shanked pea-combed one 
produces 25 feather, pea offspring; 24 feather, walnut; 26 feather, rose; and 22 feather, 
single. What are the genotypes of the parents? 

36. The offspring of a feather-legged pea-combed cock bred to a clean-legged pea- 
combed hen are all feather-legged. Most of them are pea-combed, but some singles 
appear among them. What are the genotypes of the parents? What would be the 
offspring expected from a cross of this hen with one of her feather-legged sing e- 

combed sons? ... . . • , 

86. A right-handed blue-eyed man whose father was left-handed marries a let t- 

handed brown-eyed woman from a family in which all the members have been brown- 
eyed for several generations. What offspring may be expected from this marriage, 
as to the two traits mentioned? 

87. A brown-eyed right-handed man marries a blue-eyed right-handed woman. 
Their first child is blue-eyed and left-handed. If other children are born to this 
couple, what will probably be their appearance as to these two traits? 

38. A right-handed blue-eyed man marries a right-handed brown-eyed woman. 
They have two children, one left-handed and brown-eyed and the other right-handed 
and blue-eyed. By a later marriage with another woman who is also right-handed 
and brown-eyed, this man has 9 children all of whom are right-handed and brown- 
eyed. What are the genotypes of this man and his two wives? 

39. A brown-eyed, normal-minded man marries a brown-eyed, normal-minded 
woman. Their first child is blue-eyed and feeble-minded. What is the chance that 
the next child will also show these same characteristics? (Normal mind, dominant.) 

40. A breeder has a homozygous race of feather-legged, black, rose-combed birds 
and another of clean-legged, white, pea-combed ones. He wants a race of black birds 
that have clean legs and walnut combs. What proportion of the F, raised from a 
cross between these two races will be what he desires in appearance? 

41. What are the phenotypes of the parents and offspring of the following cross: 
// Rr Pp X Ff Rr pp. 

42. In rabbits there are several factors that determine coat color: 


C colored c no color, albino 

A ticked, agouti a solid color, nonagouti 


B black b brown 

S solid color a spotted 

(AB, agouti; Ab, cinnamon; aB, black; ab, brown) 


An albino rabbit mated with a black produces agouti and black spotted young. 
What factors are present in the albino parent and not in the black? 

43. An agouti animal crossed with another agouti produces offspring of which 
9/16 are agouti, 3/16 black, 3/16 cinnamon, and 1/16 brown. What are the genotypes 
of the parents? 

44. What are the offspring of the following crosses? What are the appearances of 
the parents? 

(а) Cc Aa bb X cc aa Bb 

(б) cc Aa Bb X CC aa Bb 
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45. Two agouti rabbits produce 3 agouti and 1 black offspring. What are their 
genotypes? (Use only the A,a, and B,b factors.) 

46. In what two ways could you develop a pure-breeding strain of polled, black¬ 
bodied, white-faced cattle? 

47. Note. In cattle the polled condition (P) is dominant over the horned (p); 
and in Shorthorns the heterozygous condition of red coat (R) and white coat (r) is 
roan. 

If a homozygous polled, white animal is bred to a horned, red one, what will be 
the appearance of the F t ? Of the F t ? Of the offspring of a cross of the F x with the 
polled, white parent? With the horned, red parent? 

48. If a group of 100 polled, roan Shorthorn cows by horned bulls were mated to a 
roan bull that was heterozygous for the polled condition, what sort of offspring would 
you expect and in what numbers? 

49. If a red-flowered, broad-leaved plant is crossed with a white-flowered, narrow- 
leaved one, what will be the appearance of the Ft and F*? (Red and broad dominant.) 

50. If in mice you obtained a 9 agouti:3 black: 4 albino ratio in an F t , what were 
the genotypes of the parents and the F i using the letter C to represent the gene 
necessary for the expression of any color and A to represent the gene for banding of 
the black hairs with yellow to give the agouti pattern. What type of inheritance is 
this? 

61. In cultivated stocks (a flower) gene C in the absence of gene R produces cream- 
colored flowers; gene C with gene R, red ones; and genes cc with RR, Rr, or rr white 
flowers. If you crossed a red-flowered plant with a white and got an F x that was all 
red, what proportion of red, creams, and white flowers would you get in the F i? 

62. If you cross two spherical-shaped squash and obtain a disk-shaped Ft and then 
cross one of these Ft’s to an elongated-fruit plant, what will be the fruit shape of 
their offspring? 

Note. In summer squashes the factor for white fruit color, W, is epistatic to 
that for yellow, Y; WY and Wy plants are white; wY plants yellow, and wy plants 
green. 

63. What is the color of the fruit in the offspring of the following crosses, the 
genotypes of the parents being given? 

Ww Yy X Ww yy ww YY X Ww yy Ww yy X unv Yy 

Note. In the following three questions which deal with fruit color in squashes, 
find the genotypes of the parents. 

64. A white plant crossed with a yellow one produces offspring of which 1/2 are 
white, 3/8 yellow, and 1/8 green. 

65. A white plant crossed with a green one produces offspring of which 1/2 are 
white and 1/2 yellow. 

66. A white plant crossed with another white one produces offspring of which 
3/4 are white, 3/16 yellow, and 1/16 green. 

67. What will be the flower color of the offspring of the following crosses, in which 
the genotypes of the parents are given? 

Cc Pp XccPp ccPp X CC pp 
Cc Pp X Cc PP Cc pp X cc Pp 

68. A white-flowered plant crossed with a purple produces offspring of which 
3/8 are purple and 5/8 white. 

69. A purple-flowered plant crossed with a white one produces offspring of which 
1/2 are purple and 1/2 white. 
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60. A white-flowered plant crossed with another whit* produces offspring of which 

3 ^B^Ii^wheat^determine 5 the genotypes of the parents in the following crosses: 

(o) Red X white giving 3/4 red and 1/4 white. 

lh\ Red X red giving 7/8 red and 1/8 white. , 

62. How would you proceed in developing a feathered-shanked strain of poultry 

from clean-shanked birds? . . . • . • 

63. If an Ft yields a 15:1 ratio, what could you conclude as to the type of inhen- 

U 64 e WriUMthe genetic color formulas for two breeds of poultry both of which are 
white and for the crossing of which the resulting Ft gives a 13 white:3 colored ratio. 
66. Starting with two white breeds of poultry, how would you proceed to develop 

a true-breeding colored strain? . . 

66. If two chinchilla rabbits produce both chinchilla and albino offspring, what 


are the genotypes of all these animals? _ , 

67. Could two chinchilla rabbits produce both Himalayan and albino offspring f 

68. What are the genotypes of the parents in the following rabbit crosses: 

(а) Colored X colored give 3 colored and I albino. 

(б) Colored X chinchilla give 1/2 colored; 1/4 chinchilla; 1/4 Himalayan. 

(c) Chinchilla X Himalayan give 1/2 chinchilla; 1/2 Himalayan. 

(d) Colored X Himalayan give 1/2 colored; 1/2 Himalayan. 

(e) Chinchilla X Himalayan give 1/2 chinchilla; 1/4 Himalayan; 1/4 albino. 

69. What will be the phenotype, as to blood groups, of offspring of parents of the 
following genotypes for blood groups: 


Aa X a k a 
Aa * X a*a 
a‘a X a‘a 


70. If a person of blood group AB marries one belonging to group O, what will be 
the blood groups of their children? 

71. Note. In the three following problems on blood groups, determine the geno¬ 
types of the parents. 

One parent is group A and the other group B, but all four groups arc represented 
among the children. 

72. Both parents are group A, but 3/4 of the children belong to group A and 1/4 to 
group 0. 

73. One parent is AB and the other B, but of the children 1/4 are A, 1/4 AB, and 
1/2 B. 

74. In the two following cases of disputed paternity, determine the true father of 
the child: (a) The mother belongs to group B, the child to 0, one possible father to A 
and the other to AB. (6) the mother belongs to group B, the child to AB, one possi¬ 
ble father to A and the other to B. 

76. In the choice of donors for blood transfusion, a patient’s brother or sister is 
often selected. Would these be more likely to be successful donors if both parents 
belonged to blood group AB or if both belonged to group O? Explain. 

76. If both parents belong to blood group AB, what proportion of their children 
would be expected to be of such a type as to be able to give blood to their parents? 

77. Consult the chromosome map for Drosophila (p. 203) and determine how many 
dominant genes must be present in each chromosome to give the normal red eye color. 

78. If a rose-combed creeper male is mated to a rose-combed creeper female and 
produces a number of single-combed normal birds, what were the genotypes of the 
parents? 
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79. Note. In poultry, creeper is a semidominant lethal, barring a sex-linked 
dominant. 

A cross of creeper, barred female and normal, nonbarred male would give what 
offspring? 

80. A cross of creeper, heterozygous barred male and creeper, nonbarred female 
would give what offspring? 

81. A cross of creeper, double-heterozygous walnut-combed, barred female and 
normal, rose-combed, heterozygous barred male would give what offspring? 

82. A girl of normal vision whose father was color-blind marries a man of normal 
vision whose father was also color-blind. What types of vision will be expected in 
their offspring? 

83. A color-blind man marries a woman of normal vision. They have sons and 
daughters, all of normal vision and all of whom marry normal persons. Where among 
the grandchildren may color blindness be expected to appear? If there are cousin 
marriages among these grandchildren, where among their offspring may color blind¬ 
ness be expected to appear? 

84. A man and woman, both of normal vision, have (a) a color-blind son who has 1 
daughter of normal vision: (6) a daughter of normal vision who has 1 color-blind and 1 
normal son; and (c) another daughter of normal vision who has 5 sons, all normal. 
What are the probable genotypes of grandparents, children, and grandchildren? 

86. A brown-eyed woman with normal vision whose father was color-blind and 
blue-eyed marries a man who is blue-eyed and of normal vision. What offspring may 
this couple expect as to eye color and vision? 

86. A man (A) with hemophilia marries a normal woman (B). Their daughter 
(C) marries a man (D) with hemophilia and produces 2 sons, 1 (E) with hemophilia. 
The normal son (F) marries a woman (G) whose paternal grandfather (H) had hemo¬ 
philia but whose parents (I and J) were apparently normal. What are the genotypes 
of all the individuals concerned? 

87. A man’s maternal grandmother had normal vision; his maternal grandfather 
was color-blind; his mother is color-blind; his father is of normal vision. What are the 
genotypes, as to vision, of the two parents and grandparents mentioned? What type 
of vision has this man himself? What type have his sisters? If he should marry a 
woman genotypically like one of his sisters, what type of vision would be expected 
in the offspring? 

88. The mother of a right-handed, brown-eyed woman of normal vision is right- 
handed, blue-eyed, and of normal vision, and her father is left-handed, brown-eyed, 
and color-blind. This woman marries a man who is left-handed, brown-eyed, and of 
normal vision whose father was blue-eved. What chance will the sons of this couple 
have of resembling their father phenotypicaily? 

89. What effect on the sex ratio would a recessive sex-linked lethal factor have in 
man? 

Note. Barred plumage in poultry is a sex-linked dominant. 

90. In poultry, if a nonbarred cock is crossed with a barred hen, and an F i female 
from this cross is mated with her father, and an F i male with his mother, what will be 
the appearance of the offspring of these last two crosses as to barring? 

91. A single-combed barred cock crossed with a walnut-combed barred hen pro¬ 
duces the following offspring: 

4 rose, barred males 3 rose, nonbarred females 

5 walnut, barred males 2 walnut, barred females 

2 rose, barred females 2 walnut, nonbarred females 

What are the genotypes of the parents? 
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92. In poultry, assume high egg laying to be determined by two factors, one of 
which, M, is sex-linked and the other, L, not sex-linked. A breeder has two high- 
producing hens and five males of unknown genotypes. Each hen is bred to each male 
with results as follows: 

Hen 1 X male 1 gives 3/8 high, 1/2 medium, and 1/8 low layers. 

Hen 1 X male 2 gives 1/4 high, 1/2 medium, and 1/4 low. 

Hen 1 X male 3 gives 1/2 high, 1/2 medium. 

Hen 1 X male 4 gives 3/4 medium, 1/4 low. 

Hen 1 X male 5 gives 1/2 medium, 1/2 low. 

Hen 2 X male 1 gives 1/2 high, 1/2 medium. 

Hen 2 X male 2 gives 1/2 high, 1/2 medium. 

Hen 2 X male 3 gives 1/2 high, 1/2 medium. 

Hen 2 X male 4 gives all medium. 

Hen 2 X male 5 gives all medium. 

What are the probable genotypes for fecundity of these seven birds? 

From which of these 10 crosses would you be most likely to get the best males for 
producing high-laying hens? 

93. Note. White eye in Drosophila is a sex-linked recessive. 

In Drosophila, if a white-eyed female is crossed with a red-eyed male and the 
Ft allowed to interbreed freely, what will be the appearance of the Ft as to eye color? 

94. In Drosophila, if a homozygous red-eyed female is crossed with a white-eyed 
male and the Ft allowed to interbreed freely, what will be the appearance of the F» 
as to eye color? 

96. In Drosophila, vestigial wings (i>) are recessive to the normal long wings (V'), 
and the gene for this trait is not in the sex chromosome. If a homozygous white, 
long female is crossed with a homozygous red, vestigial male, what will be the appear¬ 
ance of the Fi? Of the Ft? Of the offspring of a cross of the F, with each parent 
type? 

96. In Drosophila, two red-eyed, long-winged flics when bred together produce the 
following offspring: females, 3/4 red, long; 1/4 red. vestigial; male, 3/8 red, long; 3/8 
white, long; 1/8 red, vestigial; 1/8 white, vestigial. 

What are the genotypes of the parents? 

97. In Drosophila, a cross between bar-eyed female and wild-type (round-eyed) 
produces only bar-eyed male and female in the F\. Wild-type female crossed with 
bar-eyed male produces bar female and wild-type male. Explain the inheritance of 
bar eyes and predict the appearance of the F, from each of these crosses. 

98. If a white-eyed nondisjunctional female Drosophila, (A'r)(,Yr)Y, is mated to 
a red-eyed male, what kinds of offspring may be expected as to sex and eye color? 

99. A factor / in Drosophila is recessive, lethal, and sex-linked. If female LI is 
crossed with a normal male, what should be the sex ratio of the progeny? 

100. In Drosophila vermilion eye color is recessive and sex-linked. In exceptional 
cases vermilion female crossed with normal male produces, in addition to the usual 
vermilion male and red-eyed female, a few vermilion females and red males. Explain 
this result and predict what classes of offspring should appear when the vermilion F t 
females from above are crossed with red-eyed males. 

101. Assume that genes a and 6 are linked and show 40 per cent of crossing over. 
If a + +/ + + individual is crossed with one that is ab/ab, what will be the genotype 
of the F i? What gametes will the F i produce and in what proportions? If the F i 
is crossed with a double recessive, ab/ab, what will be the appearance and genotypes of 
the offspring? (Plus signs are used to represent capital letters.) 
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102. If the original cross is +b/+b X a+/a+, what will be the genotype of the P t ? 
What gametes will it produce? If the P t is crossed back with a double recessive, what 
will be the appearance of the offspring? 

103. An individual homozygous for genes cd is crossed with wild type and the F x 
crossed back to the double recessive. The appearance of the offspring is as follows: 
903 + +, 898 cd, 98 + d, 102 c+. Explain this result, giving the strength of the 
linkage between c and d. If assortment between c and d were independent, what 
would be the result of this cross? 

104. If the cross in the preceding question had been between a homozygous + d 
individual and a homozygous c+ one, what would be the result of the cross between 
F i and the double recessive? 

105. How far apart are A and B if in the F* you derive 706 AB\ 291 Ab\ 304 aB\ 
697 ab? 

106. Results of a cross of Aa BbCc Xaabbcc give: 

600 ABC maBC 15 aBc 

580 a6c 120 Abe 5 AbC 

130 abC 
120 ABc 

What are the percentages of crossing over between A and B and C? How far 
apart are A and C? 

107. Note. In Drosophila the mutant known as black, b, has a black body in con¬ 
trast to the wild type, which has a gray body; and the mutant arc, a, has wings which 
are somewhat curved and bent downward, in contrast to the straight wings of the wild 
type. 

In the two following crosses the parents are given (homozygous in each case) 
together with the counts of the offspring of F, females bred to black, arc males (data 
from Bridges and Morgan). 

a. Black, arc X wild type (gray, straight) 

Fi females X black, arc males give 

1,641 gray, straight 
1,251 gray, arc 
1,180 black, straight 
1,532 black, arc 

b. Black, straight X gray, arc 

Fi females X black, arc males give 

281 gray, straight 
335 gray, arc 
335 black, straight 
239 black, arc 

From these data calculate the crossover value between black and arc. 

108. Note. In Drosophila the mutant known as vestigial, v, has wings that are 
very much reduced as compared with the long wings of the wild type. 

In the two following crosses the parents are given, as in the previous question, 
together with the counts of offspring of Fi females crossed with black, vestigial males 
(data from Bridges and Morgan). 

a. Black, vestigial X wild type (gray, long) 

Fi females X black, vestigial males give 
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822 gray, long 
130 gray, vestigial 
161 black, long 
652 black, vestigial 

b. Black, long X gray, vestigial 

females X black vestigial males give 

283 gray, long 
1,294 gray, vestigial 
1,418 black, long 
241 black, vestigial 

From these data calculate the linkage strength between black and vestigial. 

109. Note. In tomatoes, Jones has found that tall vine is dominant over dwarf, 
and spherical fruit shape over pear. Vine height and fruit shape are linked, with a 
crossover percentage of 20 per cent. 

If a homozygous tall, pear-fruited tomato is crossed with a homozygous dwarf, 
spherical-fruited one, what will be the appearance of the F i? Of the F i crossed with a 
dwarf, pear? Of the Fit 

110. A certain tall, spherical-fruited tomato plant crossed with a dwarf, pear- 
fruited one produces 81 tall, spherical; 79 dwarf, pear; 22 tall, pear; and 17 dwarf, 
spherical. Another tall, spherical plant crossed with a dwarf, pear produces 21 tall, 
pear; 18 dwarf, spherical; 5 tall, spherical; and 4 dwarf, pear. What are the genotypes 
of these two tall, spherical plants? If they were crossed, what would their offspring 

111. Note. In rats dark eyes arc due to the interaction of two genes R and 1\ the 
recessive allele of cither producing light eyes. These genes are in the same chromo¬ 
some. 

When homozygous dark-eyed rats, + +/++, were crossed with double-recessive 
ones, rp/rp, and the Ft crossed back with the double recessive, the following offspring 
were obtained (data from Castle): 1,255 dark-eyed; 1,777 light-eyed. 

When +p/+p animals were crossed with r+/r+ ones and the Ft crossed back with 
the double recessive, the following offspring were obtained: 174 dark-eyed; 1,540 
light-eyed. 

Calculate the linkage between r and p. 

112. In the fowl, assume that e (early feathering) and B (barring) are sex-linked and 
show 20 per cent of crossing over (in the male only). If a male from a cross of late- 
feathered, barred male with early, black female is mated with an early, black female, 
what will be the appearance of their offspring as to feathering and barring? 

113. Assume that genes a and 6 are linked, with a crossover percentage of 20 per 
cent; and that c and d are also linked, with a crossover percentage of 10 per cent, but 
are in another chromosome. Cross a plant homozygous for A BCD with one which is 
abed and cross the F\ back on abed. What will be the appearance of the offspring of 
this cross? 

114. In Drosophila, yellow body is sex-linked and recessive to the gray body of the 
wild fly. Vermilion eye is also sex-linked and recessive U> the wild red eye. The 
genes for yellow and vermilion show about 28 per cent of crossing over. The gene for 
vestigial is in one of the autosomes. If a homozygous yellow-bodied, red-eyed, long¬ 
winged female is crossed with a homozygous gray-bodied, vermilion-eyed, vestigial¬ 
winged male, and if an F i female is crossed with a yellow, vermilion, vestigial male, 
what will be the appearance of the offspring of this last cross? 
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Students and livestock breeders often develop a feeling of frustration 
over the seeming inability of anyone to find clear-cut instances of the 
workings of the known simple principles of heredity in farm mammals. 
In the previous chapter we presented the basic principles underlying 
qualitative heredity and found a few qualities of livestock which could 
serve to illustrate them. In general, those qualities proved to be more 
or less superficial ones, such as color pattern or presence or absence of 
horns, and even in them we found their over-all heredity to be far from 
simple. In this chapter we shall discuss some qualities which express 
themselves quantitatively and which are far from superficial, since they 
involve the complex physiologic attributes which give animals their 
intrinsic commercial value. The basic reason that heredity in livestock 
fails to resolve itself into simple patterns of explanation is, of course, 
the fact that most of the character manifestations of our higher animals 
are of a highly complex nature. In terms of genes very few, if any, of 
their qualities are determined by the action of only one or two pairs of 
genes, and very few of them are entirely immune to any and all environ¬ 
mental influences. With many genes involved and with qualities so 
open to environmental influences, we would naturally expect to have to 
deal with graded series rather than with sharply defined steps. 

A little reflection will indicate how fortunate we are that heredity in 
farm mammals does not follow a simple pattern with all the important 
characteristics determined by the action of only one or two pairs of 
genes. That would make animal improvement far too easy, so easy that 
no one would be interested in it, since it would lack a stimulating chal¬ 
lenge. If we were ever to succeed in taking all the gamble out of breed¬ 
ing, we would find that we had in the process also removed all the fun. 
Fortunately there is a wide variety of problems in livestock breeding. 
Variety is not, as the old adage says, the spice of life; rather, it is its 
very bone and marrow. The spice of life is struggle, difficulty. So if we 
have variety and can clothe this bone and marrow with difficulty, we 
can have fun. There is fun in trying to improve livestock through 
breeding, but it takes some knowledge growing slowly into wisdom, con¬ 
siderable courage to cope with the difficulties, and a terrific amount of 
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patience. With these, the job can be done; without any one of them, the 

odds against success run pretty high. 

Fixed and Unfixed Genes. How many genes are present in the 
hereditary complex of farm animals is not known, but the number prob¬ 
ably runs to at least a few thousand. A goodly number of the genes in 
any species are probably present in homozygous form in all members of 
the species. These are sometimes spoken of as fixed genes. Since it is 
probably true that all living things are related, all having arisen through 
an evolutionary process, it may be true that all living things have at 
least a few genes in common. Possibly the human has some genes which 



Fio. 69. The sheep and some of its cousins which probably have many fixed genes in com' 
mon. (Courtesy of New York Zoological Society.) Top left. Bighorn; bottom left, Punjab 
top right, Mouflon; bottom right, Hampshire. 


are also present in such single-celled organisms as the Amoeba or other 
protozoa. It seems highly probable that all mammals have some genes 
in common—yes, that we and our farm mammals have some identical 
genes. 

Any two cows picked at random over the world undoubtedly have 
many identical genes. Certainly any two cows of a given breed have 
still more common genes; two members of the same family probably 
have still more; a pair of full sisters still more. In all the above cases, 
however, the animals also have many different genes (one has genes 
• A and b, another has genes a and B). We do not know what proportion 
of the genes in any species is fixed, i.e., all members XX yy, etc., and what 
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proportion is unfixed; t.e., genes A and a, B and b existing in varying 
proportions in the given genus, species, or breed; and there seems to be 
little prospect of our finding out and no great practical gain in doing so. 
Identical twins, we know, have identical inheritance, since they arise 
from a single fertilized egg, but even identical twins show some unlike¬ 
nesses, apparently due to the impossibility of any two individuals having 
completely identical environments from the moment they are conceived 
until they die. 

There are apparently many genes in any breed which are heterozygous; 
i.e., both genes A and a are present in the breed, possibly also genes 
a 1 , a 2 , etc. Perhaps, too, one family in the breed is AA, another family 
aa, and still another a'a 1 . Mating two animals in a given species will 
yield a new member of that particular species. This is due to the fixed 
genes. Any mating produces an individual which is different from its 
parents and from all other past, present, and future members of the 
species in some respects. This is due to the unfixed genes and also, of 
course, to differences in environment. 

Complex Qualities. The commercially valuable qualities of our 
animals are the end result of their complete physiologic activities. 
Upon what does the milk production of a dairy cow depend? For one 
thing, it depends upon or is influenced by an animal’s size. And how 
many genes influence size? We do not know the answer, but we do 
know that every organism begins as a single-celled zygote, and each 
organism is destined by its heredity to have its cells keep on dividing 
until a certain size is attained, provided suitable environment is available. 
The pituitary, thyroid, and thymus glands, perhaps also the adrenals 
and gonads, through their individual secretions and probably through 
complex interactions between them, have an influence on both the rate 
of growth and its extent. And how many individual genes and gene 
interactions function in this complicated process? Even in a relatively 
simple organism like the fruit fly it is known that as many as 30 genes 
scattered through the 4 pairs of chromosomes have a bearing on the color 
of a fly’s eyes. 

Other factors besides size play major roles in the ultimate production 
of a cow. They include efficiency of digestion, absorption, and elimina¬ 
tion; rate of blood flow, or basal metabolism in general; number and 
functional activity of the secreting cells in the udder; and the animal's 
disposition; as well as proper levels of feeding, presence or absence of 
good management practices, and freedom from various diseases. Enough 
has been said to indicate that the over-all physiologic functioning of any 
animal is highly complex, probably involving the actions and interactions 
of hundreds or thousands of genes. For an understanding of these mat¬ 
ters of quantitative inheritance mathematical procedures are necessary. # 
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Multiple-gene Heredity. The multiple-gene hypothesis grew out of 
the work of Nilsson-Ehle in 1908 with wheat and East in 1910 with corn. 
The former crossed several strains of red and white wheats. In general the 
red color was only partially dominant over white, for theFi was not as dark 
red as the red parent. In the F 2 there were 3 reds (1 dark red, 2 lighter 
red) to 1 white. This indicates a one-gene pair reaction. Another cross 
of red and white wheats gave a similar F i but an F 2 of 15 reds (of varying 
shades) to 1 white, thus indicating a two-gene pair reaction. Still a 
third cross gave the usual F i but an Ft of 63 reds (again of varying shades) 
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Fio. 70. The result of a cross between a red-kerneled and a whitc-kernclcd wheat, where the 
red color is a result of the operation of either or both of two genes, Ri and Ri. The intensity 
of the red color is indicated by the density of the crosshatching. (From Sinnntl. Dunn, and 
Dobzhanakv, Principles of Genetics. 4th ed.. page 123.) 


to 1 white, which indicates a three-gene pair reaction. Breeding tests 
revealed that there were one, two, and three pairs of genes operating in 
these cases. In the two-gene cross it was shown that a wheat with four 
red genes was redder than one with three, this latter one redder than one 
with two, and this, in turn, redder than a wheat with only one red gene. 
In these cases there is not complete dominance, but the genes act in a 
cumulative fashion. 

This mode of inheritance involving several gene pairs with cumulative 
but individually indistinguishable effects is now thought to be operative 
(along with dominance, overdominance, epistasis, and other types) in 
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the inheritance of most of the commercially important animal charac¬ 
ters. In other words, instead of color of wheat we might substitute size, 
weight, yield, or many other quantitative traits. This will explain the 
difficulties encountered in attempting to unravel the exact mode of 
inheritance of many characters in the larger animals. 

Contemporaneously with Nilsson-Ehle, East was working with corn. 
He crossed one variety of corn having an ear length of 5 to 8 cm. with a 
variety having an ear length of 13 to 21 cm. (on the average 6.63 cm. X 
17.31 cm.). The Fi ranged from 9 to 15 cm., with an average ear length 
of 12.1J cm. When the F a was produced the range extended from 7 to 
21 cm. with an average of 12.57 cm. The variability in the parent types 
and the F i was presumably due to environmental differences. The 
increased variability of the F a was probably due to the segregation of 
several gene pairs. East’s work with com parallels that of Nilsson-Ehle 
with wheat, and both find their simplest explanation on the basis of 
multiple-gene effects. Dunn and Charles in 1937 inbred mice and 
produced strains which differed regularly in amount of white spotting. 
They crossed a line ranging from 5 to 25 per cent spotting (average 
11.30) with a line ranging from 85 to 100 per cent spotting (average 
98.55) and got an F i ranging from 20 to 75 per cent (average 
51.70). The F 2 ranged from 10 to 95 per cent, with an average of 
55.17 per cent spotting. The back-cross of the Fi (average 51.70) 
and the high line (average 98.55) gave a range of 65 to 100 per cent 
and an average of 81.2 per cent. These authors conclude that there are 
probably about three or four nondominant quantitative genes involved 1 

. . . whose effects cumulate with each other and with those of SS, the pied 
gene common to all these strains. This conclusion was later confirmed by sepa¬ 
rating the Si . . . Sn modifying genes from S and analyzing them in outcrosses. 
Similar evidence has been obtained for the multiplicity of white-spotting factors 
in guinea pigs, in rats, and in rabbits. 

Modifying Genes. Genes which change the magnitude of effect of 
some major gene, itself either a dominant or a recessive, are sometimes 
spoken of as modifying genes. It is estimated that 4 to 10 modifying 
genes were operative in the pied-mice crosses of Dunn and Charles. The 
amount of spotting depends not only on the main spotting genes but also 
on which modifiers are present. Mice that are ss may be entirely white 
or may have only a small white spot on the belly, depending on what 
other genes are present. Even Ss mice may be quite spotted if the 
proper other genes are present. Variegated mice, on the other hand, 
have been shown to carry a gene W which is lethal in the homozygous 

1 Sinnott, E. W., Dunn, L. C., and Dobzhansky, Th., “Principles of Genetics,” 
4th ed., p. 128, McGraw-Hill Book Company, Inc., New York, 1950. 
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state For white to predominate, these animals must be Ww and must 
a!so carry many modifying genes, since the modifiers have bttle effect 
in ww mice. The action of modifying genes has also been demonstrated 

« .he „.udy o< -—i™ ch„- 
acters in his work with the hooded (spotting) character. Summing up 
the matter, Castle wrote: 1 


As a test of these rival interpretations, we may discuss a typical case. The 
hooded pattern of rats clearly behaves as a simple unit-character allelomorphic 
to Irish pattern or to self in crosses. But the hooded pattern as seen either in 
purebred or in crossbred litters of young varies slightly, and such variations have 
a genetic basis since, by selecting either the whitest or the blackest individuals, 
one can either whiten or blacken the average racial condition. Races corre¬ 
sponding with the extremes of the series shown in Fig. 71 were thus produced. 



Fio. 71. A series of grades for classifying the plus and minus variations of the white spotting 
pattern of hooded rats. (From Castle, Genetics and Eugenics, Harvard University Press.) 


The question now arose whether the observed changes had occurred as a result 
of change in the single unit-character or gene clearly concerned in the case, or 
whether this was due to other agencies. To test the matter the selected races, 
now modified genetically in opposite directions, were crossed repeatedly with a 
non-hooded (wild) race. The recessive hooded character disappeared in F\ but 
was recovered again in F 2 in the expected 25 per cent of this generation. These 
extracted hooded individuals, following each cross, were less divergent than their 
hooded grandparents from the ordinary hooded pattern. After three successive 
crosses (six generations) the whitest individuals extracted from the dark hooded 
race were no darker than the darkest individuals extracted from the white hooded 
race. In other words, repeated crossing with the non-hooded (wild) race had 
caused the changes in the hooded character, which had been secured by selection, 
largely to disappear. The conclusion was drawn that the hooded allelomorph 
itself had remained unchanged throughout the selection experiment, and that 
the phenotype had been altered by associating with the hooded gene a different 


1 Castle, W. E., “Genetics and Eugenics,” pp. 237-240, Harvard University Press, 
Cambridge, Mass., 1930 (Reprinted by permission of the President and Fellows of 
Harvard College.) 
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assortment of other genes in each of the selected races, these serving as genetic 
modifiers. In the course of the selection experiment a mutation was observed 
to occur in the plus series to practically the Irish stage. This is not included in 
the summary but is mentioned to show how it is possible for selection to be aided 
in its progress by the occurrence of contemporaneous genetic changes, no less 
than by the sorting out of variations originally present in the foundation stock. 
Apart from the mutation mentioned the results of selection in this case show 
conclusively that the changes obtained had not occurred in the gene for the 
hooded pattern, but in the residual heredity. Other cases of apparent gradual 
change in unit-characters under the action of selection may be explained in a 
similar way. Accordingly, we are led to conclude that unit-characters or genes 
are remarkably constant and that when they seem to change as a result of hybrid¬ 
ization or of selection unattended by hybridization, the changes are rather in 
the total complex of factors concerned in heredity than in single genes. 

Varying degrees of white are evident in the Ayrshire and Holstein 
breeds of cattle. Through selection the amount of white in these breeds 
can be either increased or decreased. Though it is not definitely known, 
it seems most probable that numerous modifying genes are in control 
here, as they apparently were in Castle’s rats. Variations in the width 
of white “belts” in some breeds are probably also similarly caused. 

Other Kinds of Gene Action. Where many genes influence the expres¬ 
sion of some quantitative character, the results arc often obscure because 
some of the many genes involved may alter the expression of other genes. 
However, it seems likely that additive, nondominant genes do affect the 
final expression of many quantitative characters of a commercially 
valuable sort in our farm mammals. Possibly the simplest way for 
genes to act on the phenotype is in the substitution of a gene, say A for a, 
to result in an added increment in the phenotype regardless of what 
other genes are present. The example cited previously of Nilsson-Ehle 
with the varying shades of red in his crosses of several strains of wheat, 
illustrates this situation. Each additional gene for red color intensified 
the red color to a comparable degree regardless of the other alleles 
present. 

Another concept of the mode of action of multiple genes in a quantita¬ 
tive character has been suggested by MacArthur. 1 Using reciprocal 
crosses between four extremely divergent varieties of tomatoes with 
fruit weights ranging from 0.8 g. through 3.6, 65.9, and 106.8 g. per 
variety, this investigator found that the various F i hybrids were not an 
arithmetic average between the pure parent stocks but closely approached 
the geometric means of the parental varieties. For example, the cross 
between the 0.8-g. parent and the 3.6-g. parent did not yield an F\ of 

1 MacArthur, J. W., Size Inheritance in Tomato Fruits, Jour. Hered., 32(9): 
291-295, 1941. 
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2 2 K (the arithmetic mean), but the F, averaged 1.7 g. (VO.SX 3.6). 
Ukewi e the or os, between the 3. 6-g. and the 106.8-g. parents gave a 
F of 19 4 g. (very dose to V3Xxl06.8 = 19.6) rather than the 
arithmetic mean of 55.2 g. The whole series of crosses orderly and 
followed the geometric rather than the anthmetic pattern. The size 
of the F, fruits was evidently controlled to a large extent by the genes 
provided by the smaller parent, or, stated differently, the amount of 
additional growth brought about by the genes of the larger parent was 
limited in a proportional manner by the substrate upon which the 
activating substances reacted. More recent work by MacArthur (1944, 
1949)' with mice appears to bear out his earlier conclusions based on 
tomato work. Essentially this theory suggests that each plus gene exerts 
an influence leading to an increase of a certain percentage m a charac¬ 
ter rather than a certain number of units, as is postulated by the additive 

gC The complementary action of genes was discovered in the early 1900s 
when Bateson obtained purple-flowered sweet peas by crossing two races 
both of which had white flowers. This example, cited in Chap. IX, 
illustrates that the genes are complementary, since neither could produce 
the purple color without the aid of the other. 

Genes affecting many traits are expressed in an “all or none” fashion. 
Some examples are breaking strength of bones, number of vertebrae, or 
number of digits on the hand or foot. Genes which determine the differ¬ 
ence between death and survival at birth are also good examples. Indi¬ 
viduals vary greatly in their resistance to disease and death, and some 
individuals which eventually die almost succeed in surviving. Others 
may die quickly and with no struggle. Possibly if we could measure 
individual variation to death and other “all or none” traits accurately, 
they would appear more continuously distributed as other quantitative 
traits. Practically, however, if death or life, or four digits or five digits, 
is what is measured, we will have a distinct threshold of phenotypic 


expression. 

How Many Gene Pairs. Most quantitative characters such as size, 
growth rates, milk production, egg production, and prolificacy depend 
for their expression upon the interaction among a large but unknown 
number of heritable factors and environmental influences. Thus the 
evaluation of differences between breeds, lines, or strains of animals 
depends not upon determining the actual effects of specific genes but 


* MacArthur, J. W., Genetics of Body Size and Related Characters. I. Selecting 
Small and Large Races of the Laboratory Mouse, Atner. Nat., 78:142-157, 1944; II. 
Satellite Characters Associated with Body Size in Mice, Amer. Nat., 78:224-237, 
1944; Selection for Small and Large Body Size in the House Mouse, Genetics, 34:194- 
209, 1949. 
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rather upon determining the average effects of large numbers of genes. 
Because of the complexity of these interactions, statistical techniques 
are ordinarily necessary for the correct interpretation of genetic studies. 
The detailed statistical techniques are given in such standard texts as 
onedecor’s “Statistical Methods” (1956). 

Table 11 shows the number of grandparental types found in the F 2 
where specific numbers of genes are operative. 


Table 11. Grandparental Types in P t 
No. P t variates as extreme Number of genes 


as both grandparental types operative 

2 out of 4. 1 

2 out of 16. 2 

2 out of 64.3 

2 out of 256. 4 

2 out of 1024. 5 

Etc. 


If a cross involving large and small yielded an that was intermediate 
in size and an F t that was quite variable, with 4 out of 2,000 offspring as 
extreme as the two grandparental types, we would divide 4 by 2 to make 
it fit the left-hand column of Table 11 and, of course, would have to 
divide 2,000 by 2 also, thus getting 2 out of 1,000 as extreme as the 
grandparental types, which probably means that 5 nondominant genes 
were acting additively or cumulatively. Most characters of this type 
are affected by the environment as well as by genes. As the number of 
genes involved increases, the extreme types become more rare—so rare 
that the probabilities are against their ever occurring in populations of a 
size we could ordinarily raise. The two factors taken together make it 
virtually impossible to estimate, except in the crudest fashion, the num¬ 
ber of gene pairs affecting a given quantitative trait. 

Qualitative vs. Quantitative Heredity. To show the difference between 
qualitative and quantitative heredity, we might contrast a cross of 
horned, black cattle on polled, red with a hypothetical (since there are 
no actual ones known) case involving milk production. The black color 
is dominant over the red, and the polled condition is dominant over the 
horned. We could diagram our cross then as follows: 

horned, black pp BB X polled, red PP bb 
PpBb 
(Ft cross) 


Now if we mate the F 7 , it will work as indicated in the checkerboard 
shown in Fig. 72. 
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Pb 

pB 

pb 

PB 

PP BB 

PP Bb 

Pp BB 

Pp Bb 

Pb 

PPBb 

PPbb 

Pp Bb 

Pp bb 

pB 

Pp BB 

Pp Bb 

pp BB 

pp Bb 

pb 

Pp Bb 

Pp bb 

pp Bb 

pp bb 


Fio. 72. Checkerboard of horned black-Polled red cross in Ft. 


In Fig. 72 at least one P means polled and at least one B means black. 

The ratio is therefore 9:3:3:1, or 

9 polled, black 
3 polled, red 
3 horned, black 
1 horned, red 

This is qualitative inheritance. We are dealing with separate qualities. 
But let us use this to illustrate how quantitative heredity works. To do 
this we shall assume that gene P or B stands for 2,500 lb. of milk and 
gene p or 5 stands for 1,500 lb. of milk, with no dominance and the genes 
acting cumulatively. On this assumption we get the distribution of milk 
production in the Ft shown below. 


PPBB 1 


10,000 lb. 


PPBb 21 
PpBB 2/ 
PP 66 1) 
PpBb 4 >6 
pp BB 1) 
Ppbb 21 
pp Bb 21 
ppbb 1.... 


9,000 lb. 

8,000 1b. 

7.000 lb. 
6.0001b. 


It should be understood that this illustration of quantitative heredity 
in milk production is purely hypothetical. Not 2 pairs of genes, but 
200 or 2,000 or more may influence milk production. We simply used 
this kind of illustration to show the difference between qualitative and 
quantitative or multiple-gene heredity—the kind involved in most of 
the problems of heredity that interest the practical breeder. 

We could use a case involving wool clip as another theoretical example 
of quantitative heredity. If we use rams that shear 20 to 22 lb. of wool 
on ewes that shear 6 to 8 lb. of wool, we would expect to get offspring 
distributed somewhat as in a normal curve around an average of about 
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14 lb. of wool, and a normally distributed F z population that still averages 
about 14 lb. but with a wider range of variability than that found in 
the F i. 

Pounds of Wool 
Ewes X Rams 
6,7,8 20,21,22 

F i Offspring 

n, 12, 13, 14, 15, 16, 17, 18 
F ; (XTspring 

7, 8, 0, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 
Fio. 73. Schematic cross of high- and low-wool production through 

In the schematic cross shown in Fig. 73 we arc assuming that many 
pairs of genes contribute to the production of a heavy fleece and that the 
rams have more of these genes than the original ewes. Because probably 
none of our animals are homozygous, however, the offspring of such 
matings would get different combinations of genes from their parents. 
We might assume, in the hypothetical case given, that there were genes 
(//) which determined 2 lb. of wool production and others (A) which 
determined 1/4 lb. of wool production. If we assumed 14 genes determin¬ 
ing wool production, then our ewes would have 2 II genes for the larger 
production and 12 A genes for the smaller, or 2 X 2 = 4 + 12 X 1/4 = 3, 
or a total wool dip of 7 lb. Likewise the rams would have 10 H genes 
for the higher production and 4 A genes for the lower, or 

10 X 2 = 20 + 4 X 1/4 = I 
or a total clip of 21 lb. 

Ewes Rams 

Hh HH 

Hh HH 

hh HH 

hh Hh 

hh Hh 

hh Hh 

hh Hh 

The ewes would most usually pass along 0 A and 1 H genes, thus con¬ 
tributing 3 1/2 lb. to their offspring; whereas the rams would most 
usually pass along 5 H genes and 2 A genes, thus contributing 10 1/2 lb. 
to the offspring and giving many of the offspring a total wool production 
of 14 lb. The best the ram could contribute would be 7 H genes, or 
14 lb.; the worst, 3 H and 4 A, or 7 lb. The best the ewe could contribute 
would be 2 H and 5 A, or 5 1/4 lb., and the worst, 7 A, or 1 3/4 lb., so 
that the offspring would range from 8 3/4 lb. to 19 1/4 lb. of wool. 
Most of them would be at the 13-, 14-, and 15-lb. levels, a few at the 



21 


19 


17 


15 


15 


11 
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12- and 16-lb., fewer still at the 11- and 17-lb., and so on to the above 
limits. In the F, there would be the possibility of exceeding either the 
lower or the higher levels of the original parents, but with the average 
remaining at about 14 lb. 

No one knows whether there are 14 or 1,400 genes concerned with woo 
production, and we realize, too, that wool production is greatly influenced 
by feed, weather, and other environmental conditions. The above 
example is entirely schematic and is used merely to try to tie together 
genetics and practical breeding problems. 

Binomial Distribution. The derivation of an intermediate form Irom 
the crossing of extremes gives the appearance of blending. This may 
be due to the interactions of from sev¬ 
eral to a great many pairs of nondomi¬ 
nant genes acting on the given quantity 
in a cumulative or an additive manner. 

The two extreme quantities appear to 
blend in the F h but we must remem¬ 
ber that the genes are discrete entities 
which maintain their own peculiar iden¬ 
tities down through the generations and 
that within the limits imposed by link¬ 
age they may get into any possible com¬ 
bination with other genes. 

The proportional distribution of these 
quantitative qualities follows the ex¬ 
pansion of the binomial and depends 
upon the number of pairs of genes which 
are involved. Figure 74 shows the dis¬ 
tribution to be expected for a few cases. 

It is apparent from Fig. 74 that as 
the number of pairs of genes involved 
in a multifactor-gene action increases, the numbers in the various grada¬ 
tions rapidly increase and the magnitude of the differences between the 
grades rapidly diminishes, as does also the relative frequency of original 
parental types recovered in the F 2 . Fig. 74 suggests that the curve 
made by plotting the coefficients of the terms in the expanding binomial 
would eventually smooth out into a perfectly symmetrical curve—the 
biometrician’s normal or bell-shaped curve. 

If some quantitative character were determined by one pair of non¬ 
dominant genes acting cumulatively, we would expect three different 
expressions in the F 2 from parents at the extreme range, i.e., A A X aa = Aa 
and Aa X Aa = AA, 2Aa, aa. If two pairs of genes were involved, we 
would expect five classes in the F 2 . The numbers in each class correspond 
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Fio. 74. Showing Ft frequency distri¬ 
bution in crosses involving 1, 2, or 3 
pairs of nondominant, equal, additive 
genes. 
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to the coefficients in the expansion of the binomial (a + b) 7n , where 
n equals the number of gene pairs involved; i.e., in the first case above, 
where we assumed one pair of genes, we would expand the binomial 
(a + 6) 2 ; in the second, with the assumption of two pairs of additive 
genes, we would expand the binomial (a + b)\ 

If some quality in animals behaving quantitatively were determined 
by 5 pairs of genes acting cumulatively without dominance (and dis¬ 
regarding environmental influences), there would be 2 10 , or 1024 , differ¬ 
ent combinations possible, and they would fall into 11 classes. We 
could get all 10 more favorable genes and no less favorable ones; 9 more 
favorable and 1 less favorable; 8 more favorable and 2 less favorable, etc. 
The distribution in (he population would follow the expansion of the 
binomial (a + b) 10 , where a stands for a favorable and b for an unfavor¬ 
able gene. The expansion of (a + 6) 10 is 1 a 10 + 10a 9 6 + 45 a 8 6 2 + 
120 a 7 6 3 + 210 a fl 6 4 + 252 a 5 6 s + 210 a<6‘ + 120 a*6 7 + 45 a’6» + 10 ab' 
H-1 6 10 . Only about. 1 out of 1,000, or 0.1 of one per cent would have all 
10 favorable genes; about 1 per cent would have 9 favorable and 1 unfav¬ 
orable; 4.4 per cent would have an 8:2 ratio of favorable to unfavorable; 
about 11.7 per cent would be 7:3; 20.5 per cent would be 6:4; and 24.6 
per cent would be average, with 5 favorable and 5 unfavorable genes. 

In such a population, 37.7 per cent would be genetically above average, 
with more favorable than unfavorable genes; 24.6 would be just average; 
and 37.7 per cent would be below average, i.e., with more unfavorable 
than favorable genes. A whole population distributes itself around the 
mean in about a normal-distribution pattern because of multiple-gene 
heredity. In most quantitative characters the environment plays a 
part too, which, of course, means that some individuals are somewhat 
above average because of very good environment though genetically 
they arc actually below average, and vice versa. In short, if we could 
properly discount all environmental influences, good and bad, many 
individuals would shift their position on the distribution curve, but the 
pattern of the curve would remain unchanged. An individual near the 
high terminus of the curve may very likely be there quite largely for 
environmental reasons, but even if the environment could be completely 
discounted, such individuals would probably still be in the upper half 
of the curve. When a breeder develops usable records of performance 
and has the wisdom to use them intelligently, he can more often than 
not select from the top half of his herd or flock. Only when this can be 
done will progress be assured. 

All the above discussion hinges on the assumption that several pairs of 
genes of equal potency and with no dominance in the allelic pairs are 
acting in a cumulative manner to bring about certain expressions of 
quantitative characters. It seems highly probable that there may be 
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much of this type of heredity in farm mammals. In addition, it should 
be recalled that many variations are caused or influenced by dominance, 
overdominance, or epistatic manifestations, and, of course, the different 
environment of each animal is operating all the time (and in ways which 
are exceedingly difficult to pin down) to enhance or retard the expression 
of quantitative traits. 

Students and breeders are sometimes inclined to become discouraged 
over the difficulty of bringing about any marked yearly improvement 
in their herds and flocks. This is understandable. The example just 
cited, however, should provide at least a partial explanation. If only 
1 pair of genes is involved, the F 2 will occur in the ratio 1:2:1, or (a 4- b ) 2 ; 
if 2 pairs of genes, the ratio will be 1:4:6:4:1, or (a 4- b) 4 , and so forth. 
If 12 pairs of genes were involved, we would have (a 4- b) 24 , the coeffi¬ 
cients for which are: 


1 


2496144 

24 


1961256 

276 


1307504 

2024 


735471 

10626 

2704156 

346104 

42504 


134596 

134596 


42504 

346104 


10626 

735471 


2024 

1307504 


276 

1961256 


24 

2496144 


1 


This total is 16,777,216, which, incidentally, is the distribution of paternal 
and maternal combinations of chromosomes as germ cells are formed in 
human ovaries or testes (n in the human = 24, 2n = 48). 

The point to be observed is that as the number of alleles involved 
increases, the proportion of all plus combinations decreases sharply in 
an F 2 . In one pair of genes, 1/4 F 2 s will be A A; with 2 pairs, one out of 
16; with 5 pairs, one out of 1,024; with 12 pairs, one out of 16,777,216. 
In the above listing of coefficients for (a 4- b) 12 , 2,704,156, or 16 per cent, 
are exactly in the center (12 favorable and 12 unfavorable genes); and 
69 per cent are included in the range 14 favorable: 10 unfavorable, or 
vice versa. Around 60 to 70 per cent of the individuals in any breed are 
just about average, and this is probably due to the fact that the bulk of 
commercially valuable characters in our animals are controlled by the 
interactions of many gene pairs. That seems to be the most logical 
explanation of the fact that most animals, including man, are about 
average. We must have sharp eyes, a sharp mind, and a sharp pencil 
if we are to have any chance of identifying the relatively few genetically 
best animals. 



CHAPTER XI 


VARIATION 


Henry van Dyke is reported to have said that there is one thing in 
which all men are exactly alike and that is that they are all different. 
This statement holds true also for farm animals. To the observing, it is 
quite evident that "the most invariable thing in nature is variation.” 

When we consider that probably no two blades of grass, no two calves, 
and no two humans have ever been exactly alike (though identical twins 
are essentially so), we get a glimpse of the resourcefulness of nature. 
It would seem that new plans and specifications must sometimes be 
depleted, yet life flows along in its thousands of varieties and millions 
of individuals, each different from all the rest of its kind. It is fortu¬ 
nate that this is so, because without this perpetuation of variability 
progress would be impossible. Variation is the raw material which the 
breeder has available for herd or flock improvement. “Variation is at 
once the hope and despair of the breeder”; the hope because through it 
offspring better than their parents may be produced; the despair because 
after animals have been improved greatly, they may, and often do, vary 
again toward mediocrity. 

Variation, or difference, among animals in size, rate of growth, effi¬ 
ciency of feed utilization, carcass characteristics, disease resistance, milk 
production, speed, stamina, wool quality, and color has been observed 
and recorded numerous times. Of two steers, one gains 2 lb. per day 
during a 140-day feeding period, the other gains 2.75 lb. during the same 
period; of two cows, one produces 8,000 lb. of milk in a year, the other 
produces 12,000 lb. of milk in a year; of two litters of two sows, one litter 
gains 100 lb. from 500 lb. of feed, the other litter requires only 360 lb. of 
the same feed for 100 lb. of gain; of two sheep, one shears a fleece of 6 lb., 
and the other shears a 10-lb. fleece. 

Both heredity and environment are important in producing differences 
among individual animals. In some instances the specific hereditary 
and environmental influences may produce variability which is not 
directly attributable to either but is a result of their joint action or inter¬ 
action. By studying variation alone we are not able to determine which 
portion of the variation is certainly due to environment and which to 
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heredity. Nevertheless, as will be evident in the succeeding chapters, 
the breeder should be keenly aware of the relative importance of heredi¬ 
tary and environmentally caused variation for the individual traits he 
desires to improve. 

Environmental differences include the nongenetic variation resulting 
from managemental, nutritional, and climatic influences. Some animals 
may have been bom in large litters and others in small litters, some may 
have had better care than others, some may have been born when the 
temperature was extremely hot or extremely cold. Certain animals 
may be infected with parasites, while others are not. 


Fio. 75. Two Ayrshire cows and their twin calves showing marked variation in amount of 
red color in the coat. 


As we continue our study of variation we shall consider the different 
sources of hereditary variation with special concern for traits whose 
expression may be influenced by a large number of genes. Even though 
environmental influences may be unimportantly small, much variation 
may be anticipated. Certain individuals will possess more desired 
genes than others, or the combination of genes present in the specific 
individual may set it apart from the rest of the group. Some individuals 
may possess certain chromosomal abnormalities which are also a source 
of hereditary variation. 

Variation from Recombination. Recombination of genes takes place 
as the chromosomes from the uniting gametes come together. In an 
individual organism with two pairs of chromosomes there are four possi- 
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ble ways to recombine the intact chromosomes, as shown in Fig. 76. In 
each resulting germ cell one member of each pair of chromosomes is 
found. The possible number of different gametes with various numbers 
of pairs of chromosomes where only a single gene pair is considered to be 

different for homologous chromo¬ 
somes is shown in Table 12. 

If a male Aa is mated to a female 
Aa, two different types of gametes 
(A or a) can be produced by each 
parent, and offspring can be of three 
different genotypes (AA, Aa, or 

Fio. 76. The different types of germ cells qq). 
possible in a species with two pairs of chro- * 

mosomes—chromosomes remaining intact. I* a niale Of the genetic Constitu¬ 
tion Aa Bb (with genes A and B in 
different chromosomes) is mated to a female of the same genetic make-up, 
four different types of gametes can be produced by each parent, and the 
offspring can be of nine different genotypes. 



Table 12. Number of Different Kinds of Germ Cells Possible from Vartino 
Numbers of Pairs of Chromosomes Each Heterozygous at One Locus 


Species 

Number of pairs 
of chromosomes 

Number of different kinds 
of germ cells 

Ascaris. 

1 

2> 

2 

A. megalocephala . 

2 

2* 

4 

Fruit fly. 

4 

2« 

16 

Corn. 

10 

2 ,# 

1,024 

Swine. 

19 

2 1 * 

624,288 

Human. 

24 

2” 

16,777,216 

Sheep. 

27 

2" 

134,217,728 

Cattle, goat, horse. 

30 

2»o 

1,073,741,824 


With three pairs of heterozygous nonlinked genes in each parent, we 
could have eight different types of gametes and offspring of 27 different 
genotypes. 


Table 13. Independently Segregating Gene Recombinations 


Number of pairs of 
heterozygous genes 

Number of different 
gametes 

Number of different 
genotypes in Ft 

Total number of 
combinations in Ft 

1 

2 

3 

4 

2 

4 

9 

16 

3 

8 

27 

64 

n 

2* or (10° MU ) 

3- or (10° «”•) 

4" or (10 # -“*") 
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If two animals were of the genetic constitution shown below (genes in 
different chromosomes): 

sire, Aa bb CC Dd 
dam, Aa Bb cc DD 

then there would be the following possible genotypes of offspring: 

3X2X1X2-12 


Thus from mating the above parents we could have 12 different sorts 
of full brothers or sisters as to genotype. All of these animals would 
have identical pedigrees; but their genotypes might all be different, 
ranging from AA Bb Cc DD to aa bb Cc Dd. 

If the capital letters represented desirable traits and the small letters 
undesirable ones, we can see that there would be a vast difference between 
these full sisters or brothers. Identity of pedigree, then, does not mean 
identity of inheritance, except when the parents are homozygous for each 
pair of genes. Such a degree of homozygosity is almost never realized 
practically, but it is approached in crosses among highly inbred lines. 

Our example has dealt with four pairs of genes, or eight in all. We 
do not know how many genes are present in the chromosomes of our farm 
animals. There are 60 chromosomes in some of these animals, and, if 
there were an average of 100 genes in each chromosome, there would be a 
total of 6,000 genes. Each parent would then be transmitting not 
4 genes, as in our simple example, but 3,000. If two animals were 
heterozygous for all of these 3,000 pairs of genes, then there could be 
3 ,,00 ° different genotypes, assuming that all combinations were possible 
by means of independent assortment and crossing over. Such a number 
is, of course, beyond human comprehension. Even if linkage is complete 
in all chromosomes, we could still get 2 S0 , or 1,073,741,824, different 
recombinations of complete chromosomes, whereas there are only about 
650 million cattle in the world. It is evident that the simple recombina¬ 
tion of intact chromosomes in most of our farm animals can provide a 
tremendous amount of variability when considerable heterozygosity 
exists, and the evidence available indicates that most of our animals are 
rather heterozygous. 

In our simple example where we were dealing with only four pairs of 
genes, even if we assume that these four loci are in the same chromosome, 


the sire might be 


which would give 
combinations. 


A 


a A 

b 

C 


^ and the dam B 

t/ c 

D 


d D 


AbCD/ABcD, AbCD/abcD, 


a 

b 

c 

D 

abCd/ABcd, abCd/abcD 
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Thus the very mechanism of inheritance in unisexual animals whereby 
a parent gives a sample half of his or her inheritance to each offspring 
is a very potent source of variation. This is ordinarily referred to as 
variation due to chance at Mendelian sampling , and this variation is one 
of the major sources of error in appraising progeny tests based on only 
a few progeny. 

Variation from Gene Mutations. Gene mutations represent changes 
in the individual loci. The nature of mutational changes in genes is, of 
course, unknown, but it might conceivably be comparable to a change in 
the spatial arrangement of atoms in complex organic molecules. 

Observable mutation rates under laboratory conditions are generally 
in the range of one mutation for each 100,000 to 1,000,000 loci. The 
rates of observable mutation vary for individual loci and can be increased 
under the influence of X ray, chemicals, ultraviolet light, and other 
extreme conditions. Stadler studied the effect of X ray and radium on 
seven genes in maize and found a wide range of susceptibility to mutation 
among these seven loci. Stadler’s results are given in Table 14. 

Table 14. Staw.er’s Data on the Frequency of Changes in Seven Genes ok 

Maize* 


Gene 

Gametes 

Number of 

Average per one 

tested 

mutations 

million gametes 

R . 

554.786 

273 

28 

492 

106 

/. 

265.391 

Pr . 

647.102 

7 

11 

2.4 

2.2 

Su . 

1.678.736 

4 

Y . 

1.745.280 

4 

Sh . 

2.469.285 

3 

1.2 

Wx . 

1.503.744 

0 

0 


• Stadler. Jour. Htrtd.. 24(10): 372. 1933. 


Even though mutation rates can be increased by special treatment, they 
are still so rare as to impose a distinct limitation on the role of mutation 
in providing new variability. Furthermore, most of the mutations in 
our domestic animals are harmful, and many of them are recessive and 
deleterious or lethal when the gene is in homozygous condition. Some 
few mutations have not been harmful and have been preserved. The 
best-known mutation of this type probably is the one influencing polled- 
ness or hornlessness in cattle. It has been estimated that the mutation 
rate from horned to polled is about one in 20,000, much higher than the 
rate generally observed for most loci. The dominance of the polled 
gene was also of major importance in its detection and increase in fre¬ 
quency. The polled condition has been reported in practically all our 
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breeds of cattle. This example also points up how the harmfulness or 
usefulness of a mutation may be determined by the environmental condi¬ 
tions under which it is expressed. While we may consider polledness to 
be desirable under domestication, horns were undoubtedly of much value 
for protection for animals in the wild state. 

Gene mutation is a reversible process, and loci which have mutated 
from the normal type are subject to mutation back to their original form. 
This can be summarized by a simple diagram: 

u 

A a 

v 

in which A and a are alleles and u represents the mutation rate of locus 
A to a. The reverse mutation rate from a to A is v. These two rates of 
mutation, u and v, may differ greatly. With the generally recessive 
nature of most mutations the mutation rate of a dominant to a recessive 
usually exceeds the reverse mutation rate. 

The rarity, recessiveness, and generally harmful nature of most gene 
mutations prevent them from being important in providing favorable 
variation for animal improvement. In fact, the breeder must exert at 
least a portion of his efforts toward purging the undesired mutants from 
his flock or herd as they appear. 

Chromosomal Aberrations. In addition to gene or point mutations 
a considerable variety of chromosomal aberrations involving various¬ 
sized blocks of genes, whole chromosomes, or whole sets of chromosomes 
have been discovered in recent years. Though such chromosomal 
changes in farm animals are chiefly of evolutionary significance, plant 
breeders in many instances have been able to utilize these chromosomal 
changes to produce new varieties or species. Changes of this nature are 
generally brought to light by discrepancies in breeding behavior resulting 
in disturbances of the normally expected Mendelian ratios, in the creation 
of new linkage relations, or in the appearance of variable offspring. 
When such things occur, cytological study has generally revealed certain 
changes in the number or arrangement of the loci within the whole 
chromosome complex or a change in the actual number of chromosomes. 
This close correspondence between the visible changes in the chromatin 
and changes in ratios or in individuals is, of course, the strongest evidence 
supporting the chromosomal theory of inheritance. 

Inversion. One type of chromosomal mutation is called inversion. 
In this situation a portion of a chromosome has in some manner become 
inverted and the order of the genes is reversed. This might happen 
because a chromosome became looped upon itself with breakage of the 
chromosome and rehealing of the ends in reversed order, as suggested 
in Fig. 77. 
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An example of inversion is found in Drosophila. The two species of 
Drosophila (melanogasler and simulans) are interfertile, although the 
hybrid is sterile. Chromosome maps for both species have been con¬ 
structed from the data of breeding experiments, and these show that the 
genes are very similarly located in the two species in chromosomes I, 
II, and IV. In chromosome III there are differences in the distances 


T7 


Fio. 77. Diagram of process of inversion. 

between loci, and in about the middle of the chromosome in D. simulans 
a section has become inverted and the genes reversed in order in compari¬ 
son with D. melanogaster. 

Deficiency. Still another type of chromosomal mutation is that known 
as deficiency. This arises from the loss or inactivation of a portion of 
chromosome, which is not lethal provided the deficiency is not too large 
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Fio. 78. The inheritance of notch deficiency in DrotophUa mdanogatler. (Prom SinnoU 
and Dunn, Principle of Genetict.) 


and the organism is not homozygous for the deficiency. Sometimes 
when a chromosome is broken, as when an inversion is formed, the center 
piece may be lost entirely. One of the best-known examples of deficiency 
is that leading to the production of notched wings in Drosophila. Notch 
behaves as a dominant, is lethal when homozygous, and is located at 
about point 3 in the X chromosome. 1 

A Notch female from a red-eyed stock, crossed with a white male gives Notch 
and normal offspring as expected, but all the Notch flies show the recessive white 

* Sinnott, Edmund W., and Dunn, L. C., “Principles of Genetics,” 3d ed., pp. 
233-234, McGraw-Hill Book Company, Inc., New York, 1939. 
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eve (which is located at 1.5), as though the Notch female contained no wild-type 
allele of white. The normal-winged flies are all red-eyed. Similarly, the gene 
facet at 3.0, showed this peculiar pseudodominance when crossed with Notch, 
and the gene Abnormal at 4.5 was also affected. Bridges and Mohr, who studied 
this condition, assumed that Notch was due to the absence of a piece of chromo¬ 
some in this case bearing the loci from white through Abnormal. This was 
called a deficiency, and, in conformity with the assumption, the map of the X 
in Notch is about four units shorter than normal. Much later the actual absence 
of this section of the chromosome in Notch females was proved by examination 
of the salivary gland chromosome. 


Duplication. We have seen in the preceding discussion that a chromo¬ 
some may become deficient or lacking in certain genes by a portion of a 
chromosome becoming lost. This might occur through unequal crossing 




over between two homologous chromo¬ 
somes. If this happened, the unequal in¬ 
terchange, besides producing a deficient 
chromosome, would also give rise to a chro¬ 
mosome with some genes duplicated. This 
is illustrated in Fig. 79. One of the chromo¬ 
somes is deficient for genes B and C, whereas 
the other has a double dose of these genes; 
i.e. t they are duplicated. 

One of the best-known duplications is that of the bar-eye pattern in 


Fio. 79. Diagram illustrating both 
deficiency and duplication duo to 
unequal crossing over. 


Drosophila, long known as a dominant at point 57 in the X chromosome. 
Zeleny found that homozygous bar-eyed flies very occasionally produced 
normal round-eyed offspring and even less frequently the ultra- or double¬ 
bar pattern. By the use of other mutant genes close to bar, Sturtevant 
and Morgan showed these exceptions to be due to unequal crossing over 
at the bar region, so that the normals showed a slight deficiency compared 
with bar and the double bar a duplication. Since the normal flies showed 
no actual deficiency, it was reasoned that bar was originally a duplication. 
These facts have been substantiated by Bridges’ cytological study of the 
salivary-gland chromosomes. The further fact that the duplication in 
separate chromosomes produces bar and that, when reduplicated in one 
chromosome, it produces double bar led Sturtevant to the conclusion 
that the position of the gene in the chromosome, as well as its nature, was 
influential in the final effect produced. This is the position-effect theory. 

Translocation. It sometimes happens that a chromosome becomes 
broken and one of the pieces is attached to some other chromosome. If 
the piece becomes attached to a nonhomologous chromosome, a new 
linkage relation is set up and a translocation is produced. If, for instance, 
a small piece of the X chromosome in Drosophila became attached to one 
of the two large pairs or to the small IV chromosome, then the genes 
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which were contained in the broken piece of X chromosome and which 
had formerly shown sex-linked inheritance would no longer do so. Like¬ 
wise, if a piece of one of the autosomes were broken off and became 
attached to an X chromosome, those autosomal genes that had formerly 
shown ordinary Mendelian inheritance would now show sex-linked 
inheritance. 

Such a case involving a block of autosomal genes in the II chromosome 
was discovered by Altenburg. This block of genes suddenly began to 
exhibit sex-linked inheritance as if it had become attached to an X chro¬ 
mosome. Cytological examination revealed the fact that one of the 
members of the II pair of large autosomal chromosomes was very much 
reduced in size, whereas one of the X chromosomes had been increased 
in size by just about the same amount. Many cases of translocation 
have been studied in recent years. They are generally first evidenced 
by peculiar genetic behavior and then checked cytologically, though the 
reverse of this process has been true in a few cases. 



Fio. SO. Diagram showing reciprocal translocation and catenation. 


Reciprocal Translocation. We learned earlier that during meiosis 
there might be an equal interchange of various-sized blocks of genes 
between non-sister, homologous chromatids. This process was called 
crossing over. So, too, there may be interchanges of blocks of genes 
between two non-sister, nonhomologous chromatids or perhaps between 
nonhomologous chromosomes (illegitimate crossing over). This is called 
reciprocal translocation or segmental interchange. In ordinary transloca¬ 
tion, there is no trading between the chromosomes or chromatids; a 
section of one chromosome simply goes over to another chromosome 
without any reciprocity on the part of the latter. In reciprocal trans¬ 
location, there is reciprocity, and it is between nonhomologous chromatids 
or chromosomes. This type of translocation happens more frequently 
than does simple translocation. 

If there were reciprocal translocation between one end of the II and 
III chromosomes in Drosophila, then at synapsis, when like genes appar¬ 
ently attract each other to form the synaptic knot, a ring of chromosomes 
would be formed as indicated in Fig. 80. 

These ring formations are known as catenations. Many peculiar 
synaptic configurations can be explained by means of reciprocal trans- 
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locations, for the homologous parts of chromosomes apparently attract 
each other at synapsis. Chains and other queer formations of the 
chromatin material also result from the attraction of homologous parts 
of chromosomes that through reciprocal translocation have come to 
occupy abnormal places. 

Since these abnormal formations of the chromosomes at synapsis are 
found in nature, many having been discovered by Blakeslee, Belling, and 
others in the Jimson weed (Datura), as well as being possible of creation 
by experimental treatment of plants through irradiation, it is assumed 
that they, along with all the other types of gene and chromosomal 
changes, are responsible for certain evolutionary changes. It has been 
found, for instance, that the F x hybrid between a North American and a 
South American species of Datura shows two circular formations of four 
chromosomes each, together with eight synapsing pairs. Painter’s dis¬ 
covery of a similar amount of chromatin material in the rat and the 
mouse, although differently arranged, has furnished the basis for the 
belief that these two species have arisen from a common ancestor through 


translocations and gene mutations. 

Heteroploidy. A new organism generally arises from the union of an 
egg and a sperm in each of which the number of chromosomes has been 
reduced to the half, or haploid, number (n). The coming-together of 
these two half numbers at fertilization again restores the chromosomes 
to the diploid number (2 n). Sometimes a new organism gets one (rarely 
two) too many or one too few chromosomes and is therefore 2n + 1 or 
2n — 1. Many of these organisms are viable and have been studied 
both genetically and cytologically. These individuals differ slightly 
from the wild type in appearance and are often less viable, less fertile, 


and do not breed true. 

In Drosophila, forms are known that lack one member of the small IV 
pair of chromosomes. A fly with only one IV chromosome is called a 
haplo-lV fly, and one with an extra IV chromosome is called a triplo -IV 
fly. Individuals with a greater or a smaller number of chromosomes 
than the normal for the species vary from the normal to a greater or 
less extent. In other words, the normal number of chromosomes is 
necessary for the production of a “normal” individual, though this does 
not mean that individuals not having the normal number of chromosomes 
will necessarily be unable to survive and leave offspring. 

Triplo-IV drosophila have narrow, pointed wings, smooth eyes, coarse 
bristles. When crossed with eyeless, they give 1/2 triplos: 1/2 wild type. 
These triple F x flies crossed back to eyeless give 5 wild type: 1 eyeless. 

Haploidy. The haploid condition is normal in some species that 
reproduce parthenogenetieally, e.g. } bees, wasps, some moths, and rotifers. 
A few other species can be made to reproduce parthenogenetieally by 
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artificial means, e.g., certain amphibians. This has recently been accom¬ 
plished by Pincus in the rabbit with the probable early restoration of the 
diploid condition in the embryo by means of division of the chromosomes 
without subsequent division of the cell. Artificial haploids are generally 
small and lacking in vigor, and very rarely produce viable gametes. 
Where viable germ cells are produced, they are undoubtedly the result 
of meiosis without reduction. Haploids can be induced by various 
environmental means, such as cold and irradiation. 

Polyploidy. Forms with some multiple of the haploid number of 
chromosomes other than two are called polyploids. The most frequent 
ones found are triploids (3 n) and tetraploids (4n), with occasionally 
pentaploids, hexaploids, and octoploids appearing. Polyploids are 
known in many plants, e.g.. Datura, Oenothera, tomatoes, and some 
mosses, and in a few of the lower animal forms, including Drosophila. 
They probably arise naturally through failure of the germ cells to divide 
after the nuclear material has divided. They can also be induced 
artificially by various environmental agencies, and a method for inducing 
polyploidy in plants through the use of colchicine has been developed. 
Polyploids have a commercial as well as a scientific interest because the 
plants and fruits are generally larger, heavier-bearing, and more vigorous. 

Triploids generally result from the crossing of diploid and tetraploid 
parents. Reproduction by these forms is, as expected, very irregular, 
for the three sets of chromosomes assort at random into all possible 
combinations, thus giving very few functional germ cells. 

Tetraploids are of two sorts. Those which arise within one species 
are called auloletraploids. They reproduce approximately normally, for 
the four members of each set of chromosomes come together at synapsis 
forming a quadrivalent from which two of the homologues pass at random 
to each gamete. A cross of a purple-flowered tetraploid Datura (PP PP) 
and a white-flowered (pp pp) gives a purple F i (PP pp) and an F 2 ratio 
of 35 purple: 1 white, for the gametes forming at random will be 1 PP, 
4 Pp, and 1 pp. 

Tetraploids formed by crosses between two species or genera, with 
subsequent doubling of each parental set of chromosomes to form a 
tetraploid, are called allotclraploids. One of these was reported by 
Karpechenko in 1928. It resulted from a successful cross between the 
radish and the cabbage. The haploid number in each of these species 
is 9, so that the F i hybrid had 18 chromosomes. These hybrids produced 
a few seed, enabling an F 2 to be produced. Some of these F 2 plants 
resembled the hybrid and on examination were found to contain 36 chro¬ 
mosomes. Study of the meiotic divisions of the F x showed 18 univalents, 
indicating that no pairing had taken place between the radish and cab¬ 
bage chromosomes. It is assumed that the F 2 resulted from the union of 
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gametes with the combined chromosome make-up. The F t were evi¬ 
dently tetraploids with 18 radish and 18 cabbage chromosomes. These 
plants were fertile and bred true, each transmitting 9 radish and 9 cab¬ 
bage chromosomes through each germ cell. This intergeneric hybrid 
is a new fertile species that cannot be crossed back on either parent. 
It demonstrates that new species can arise from species or genera crosses. 
It is, in effect, evolution at work. 

If any change in the gene complex or in the distribution of chromosomes 
arises in the egg or the sperm that are to give rise to the new individual, 
in the developing embryo previous to the laying-down of the germ plasm 
in its testicles or ovaries, or in the viable germ cells produced by the 
individual after sexual maturity, variations will result in the offspring 
which may be heritable. Aberrations in the distribution of chromosomes 
may occur at any of the million cell divisions that must intervene between 
the zygote and the completely developed individual. Many such aberra¬ 
tions are known. 

Environmental Variation. In the preceding sections the many changes 
in the genes and chromosomes were pointed out as being responsible for 
genetic variation in animals. This genetic variation is expressed, how¬ 
ever, only as the environmental stimuli and conditions permit its expres¬ 
sion. The environment does not directly change the hereditary make-up 
of an individual, but the environmental circumstances do determine the 
extent to which the inherited tendency is expressed. Animals of a good 
strain may themselves be stunted and not developed to the limit of their 
inherent capacities, but these animals may still be capable of producing 
offspring of good genetic potential. The genes and chromosomes from 
the parents form the actual “bridge of inheritance” from parent to 
offspring, and these are not affected directly by the stunting. 

There is an abundance of examples showing that acquired environ¬ 
mental modifications have no influence on the hereditary make-up of the 
animal. When the tail of a sheep is docked the sheep has acquired a 
character which is not passed on to descendants of this sheep, and in 
succeeding generations it will be necessary to dock the lambs notwith¬ 
standing the fact that docking has been practiced for hundreds of genera¬ 
tions. In this category come also the dehorning of cattle, docking of 
horses’ tails, clipping of dogs’ ears and tails, etc. In none of these cases 
is the acquired character continued in the offspring. In the human 
family circumcision, which has been practiced for thousands of years, 
and the binding of feet to prevent their full development, as practiced by 
Chinese women, might be mentioned. Here, no more than in the cases 
cited of farm animals, is there evidence that these environmentally 
acquired characters are inherited in even the slightest degree. 

Weismann, in order to test this hypothesis, cut off the tails of mice for 
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19 generations in succession and secured no shortening of the tails or 
absence of tails in any of the descendants. As Walter remarks, “it is a 
good thing that children of warriors do not inherit their parents’ honorable 
scars of battle, else we would have long since been a race of cripples.” 
The same author also remarks in this regard that “evidently wooden legs 
are not inherited, but wooden heads are.” 

Even though environment does not directly influence the germ plasm, 
it is almost certain that in the evolutionary process the environment must 
have wielded a marked influence on life and caused gradual change in 
germ plasm. Examples from both the plant and animal kingdoms can 
be cited. Capsella, a wayside weed, has gradually climbed to a moun¬ 
tainous habitat. As it climbed it developed a dwarf character—at least 
it grows luxuriantly in the valley and is small, compact, and dwarfed in 
its mountain home. When taken back to the valley it continues its 
dwarf characteristics. Presumably those plants germinally constituted 
so that they grew somewhat dwarf would, for that reason, have a better 
chance of surviving under the more rigorous conditions and decreased 
food supply that prevail in an ever-increasing degree as the mountains 
are ascended. In other words, the force bringing about the change was 
not the inheritance of acquired characters but “natural selection,” which 
no doubt always has and always will, provided man does not interfere, 
weed out those types and individuals poorly fitted to their environment 
and preserve and proliferate those better fitted to survive under the 
existing conditions. 

Light, temperature, food, and moisture represent environmental 
stimuli which modify the development and expression of inherent quali¬ 
ties. Low temperatures stimulate the development of red flowers in the 
Chinese primrose, but high temperatures stimulate the formation of 
white flowers. The kind of food supplied to the larvae of bees determines 
whether the females shall be fertile (queen bees) or infertile (workers). 
The moisture supply influences the yearly growth in trees, as can be 
depicted from the width of the annual growth rings. 

Rabbits of the genotype show the Himalayan pattern and are 
white with black at the tips of the feet, ears, nose, and tail. The black 
pigment at the extremities results because the enzyme responsible for 
this pigment is inactivated at normal body temperatures. Only those 
parts normally cool develop color. This has been demonstrated experi¬ 
mentally by placing an ice pack on a portion of the rabbit with the result¬ 
ing development of dark hair in this area. 

The student should always keep in mind the constant interplay 
between heredity and environment. Even though environmental varia¬ 
tion is not transmitted, this should not deter breeders’ efforts to provide 
a favorable environment which will permit the attainment of the animals’ 
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inherent potentialities. In many cases our animals are already bred for 
a much higher potential performance than their environment permits 
them to express. A striking example of this comes from the report of a 
Danish dairy demonstration. Six cows which in the previous two years 
had produced an average of 370 lb. of fat each in 365 days were taken 
from an average dairy herd. During the experimental demonstration 
the cows were fed four times a day and induced to eat as much as possible. 
They were given the best care that could be provided and were milked 
four times per day. At the end of the 365-day demonstration these cows 
had produced an average of 909 lb. of fat per cow, an increase of 539 lb. oi 
fat over their average performance of the previous two years. 

For most of xmr farm animals it is difficult to single out special 
environmental circumstances. The environment encompasses a complex 



Fio. 81. Graph of Holstein Indexes. Vol. 11. Hollein-Frietian Red Book. 


of many measurable items as well as numerous seemingly intangible ones 
working in cooperation and competition. For most of our larger animals 
the herdsman or manager determines an important but often indetermi¬ 
nate part of the environment. With two groups of animals of comparable 
genetic worth, and with comparable housing and feed available for each 
group but with two different supervisors, wide differences in performance 
may be expected. The impossibility of providing managemental recom¬ 
mendations on a recipe or formula basis makes it difficult to standardize 
environmental conditions with large animals. Nevertheless it is in this 
special area that the art and experience of the skilled husbandman pay 
handsome dividends in increased performance. 

The breeder’s success depends ultimately on his ability to detect and 
breed from those animals in his herd and flock that show favorable 
variation which is of a genetic nature. To do this, he must keep records 
of performance on all his animals and make as reasonable an allowance 
as he can for the contribution that either good or bad environment has 
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made to the excellencies or deficiencies which his animals exhibit. Only 
in this way can he put a firm genetic foundation under his attempts to 
breed better livestock. 

Measuring Variation. A single measurement describes the weight of 
a cow. A group of cows will vary in their weight, and a complete descrip¬ 
tion of the weight of the entire group of cows requires an enumeration of 
the weight of each individual. Such a mass of data for a large herd of 
cows is unmanageable, and a statistical description of the population is 
desired. This description in its simplest form consists of a measure of 
the central tendency and a measure of the variability of the population. 
Such a description of the central tendency or the variation for the entire 
population of measurements is called a parameter. Ordinarily we do not 
have measurements on the entire population. By studying a sample of 



WEIGHT (LBS.) 

Fio. 82. Normal distribution of body weights of cows based on sample statistics dorived 
from Table 15. 

observations from the population, statistics can be derived which are 
descriptive of the sample and estimates of the corresponding population 
parameters. Statistics derived from a small sample may not be repre¬ 
sentative of the population parameters, but a more reliable statistical 
description of the population is usually obtained by increasing the size 
of the sample studied. 

Our ability to describe a population of biological measurements in a 
simple yet meaningful manner is greatly aided by the fact that most of our 
biological measurements can be considered to be normally distributed. 
A distinctive feature of this normal distribution is that the values are clus¬ 
tered at a midpoint, thinning out symmetrically toward both extremes. 
Figure 82 shows a theoretically normal distribution of body weights of 
lactating Holstein cows. The height of the curve at a particular point 
represents the frequency with which individuals having that particular 
body weight occur. 



VARIATION 


245 


Mean. There are at least three common measures of central tendency: 
the median, representing the class value halfway between the two 
extreme values; the mode, representing the class with the highest fre¬ 
quency; and the mean, the average of all measurements in the population. 
For a true normal distribution the median, the mode, and the mean will 
coincide. However, the mean is our most useful statistic in estimating 
the central tendency of most populations, since samples from a normally 
distributed population may show slight departures from normality. 

The population mean is merely the arithmetic average of all members 
of the population. It is conventionally represented by the symbol 
Obviously it is usually impossible to measure all individuals in the 
population; hence a sample chosen so as to be representative of the 
population is ordinarily used to estimate the population mean. The 
symbol 2 is conveniently used to represent the sample mean. Individual 
measurements in the sample can be symbolized by X u X 7 , X 3 , . . . , X n , 
and the mean can be computed according to the formula 

. = (Xi + Xt + Xj + • • • X n ) 
n 

where n represents the number of observations included in the sample. 

Table 15 illustrates the use of the above formula in showing the sums 
and the means for heart-girth measurements and weights of a sample 
of 25 cows. The mean heart-girth measurement of 75 inches and the 
mean weight of 1,260 lb. provide a base to which the individual cows in 
the sample can be compared. 

Variance. The degree of dispersion or variation exhibited by a popula¬ 
tion can be expressed as the average deviation or difference from the 
mean, ignoring signs. The range between the extremes of the popula¬ 
tion also provides some indication of variability. However, each of 
these measures lacks flexibility, and complete reliance upon them soon 
blocks the detailed analysis of the observed variation. Variance (o 2 ), 
which is the average squared deviation of the individual measurements 
from the population mean, is the most useful measure of variation for 
studying the variability of populations. Actually we deal with a sample 
from the population and compute estimates of the population variance 
according to the formula 

_ (Xr - £) 2 + <*,-*)*+••• + (X n - x) 2 
s -- 

Since the deviations are squared, variance is a positive value with zero 
as a lower limit. The use of this formula is shown in Table 15, where 
the sample variance for heart girth is 13.4 and that for weight is 19,575. 
The sum of the squared deviations from the mean is divided by n — 1 
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Table 15. Heart-Girth Measurements and Weights of 25 Holstein Cows 
Taken Approximately One Month after Calving, Showing Calculations for 
Determining Linear Correlation and Regression Coefficients 


Cow no. 

Heart 
girth (in.) 

Weight 

(lb.) 

Deviations* 
from mean 

Squares and products 
of deviations 

X 

V 

x 

y 

D 

xy 

V* 

1 

82 

1,490 

7 

230 

49 

1,610 


2 

76 

1,330 

1 

70 

1 

70 


3 

77 

1,400 

2 

140 

4 

280 


4 

75 


m3 

40 

0 

0 


5 

84 

1,570 

m 

310 

81 

2,790 

96,100 

6 

74 

1,240 

ifti 

-20 

1 

[Krill' 

400 

7 

76 

1,360 


100 

1 


10,000 

8 

81 

1,480 

ms 

220 

36 

1,320 

48,400 

9 

75 


See 

-60 

HI 

0 

3,600 

10 

76 


l 

-10 


-10 

100 

11 

75 

1,340 


80 

Hu 

0 

6,400 

12 

73 

1,240 


-20 

H 

40 

400 

13 

76 

1,230 


-30 

1 

-30 

900 

14 

72 

1,140 

-3 

120 

9 

360 


15 

76 

1,300 

1 

40 

1 

40 

1,600 

16 

74 

1,130 

-1 

-130 

mm 

130 

16,900 

17 

72 

1,150 

-3 

1 vfErl'Z'W. 

Sta 

270 

8,100 

18 

70 

1,020 

-5 

-240 

<Je1 

1,200 

57,600 

19 

72 

1,120 

-3 

-140 


420 

19,600 

20 

72 

1,130 

-3 

-130 


390 

16,900 

21 

70 

1,130 

El 

-130 

i£s 

650 

16,900 

22 

74 

1,200 

§51 

-60 

Via 

60 

36,000 

23 

80 

1,440 

5 

180 

25 

900 

32,400 

24 

73 

1,240 

-2 

-20 

4 

40 

400 

25 

70 

1,070 


190 

25 

950 

36,100 

Sums (£) 

1,875 

mm 

m 


322 

mm 



1 - 75 D - 1,260 s\ - 13.4 - 19,575 

«. - 3.66 s, - 139.9 

• x - deviation of s'% from their mean t 
y - deviation of v'e from their mean j 
xy “ product of a paired eet of deviations 

rather than n to compute the average squared deviation, since a limited 
sample ordinarily does not encompass the entire range of the population. 
As a consequence, division by n consistently provides an underestimate 
of the population variance, but division by n — 1 provides an unbiased 
estimate. Unbiased estimates are ones which show no consistent 
tendency to be either above or below the population parameter. 

Lush also has suggested that variance may be thought of as one-half 
the average squared difference between two items randomly drawn from 
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the population. This concept can be shown to be algebraically identical 
with that given by the previous formula, since the mean is made up of 
the average of all items. When the individual items are expressed as a 
deviation from the mean in the formula they are being compared with a 
function of each of the measurements in the sample. The division by 
2 in the case of differences between individual items is necessary because 
the variance computed from such differences is twice the variance of the 
population or sample. 

While the concept of variance as expressed by the formula may be 
computationally clearer, the concept of individual differences is often 
of much help in understanding and interpreting variance. Consider a 
sample consisting of two litters of swine where the weaned weights of the 
pigs for each litter are given in pounds: 


Litter 1. 30, 27, 29, 35, 38, 33 

Litter 2. 25, 27, 29, 26, 24, 23 


Variance between litters arises from contrasts (differences) among pigs 
in different litters. Variance within litters arises from differences among 
pigs in the same litter. The total variance for this sample of 12 obser¬ 
vations contains components of variance arising from both between- 
litter and within-litter differences. 

Just as the variance in weaned weights of two litters of pigs can be 
separated into that between litters and that within litters, by somewhat 
more refined techniques the total variability can be broken down into its 
genetic and environmental components. The separation of the variance 
into component parts which add up to the total is an attribute not 
possessed by other measures of variability, such as the range, average 
deviation, or the standard deviation, which will be discussed in the follow¬ 
ing section. 

Table 16 shows how the variance due to different environmental and 
genetic causes can be subdivided. This study by Plum represents one 
of the first comprehensive analyses of the total variance in a particular 
trait. 

Variance is a most useful mathematical concept. Its mastery requires 
much thought and experience. The inquiring student is referred to one 
of the standard texts on statistics and biological applications listed at 
the end of the chapter for an extension of his knowledge and understand¬ 
ing of variance. 

Standard Deviation. The population standard deviation which is the 
square root of the variance is symbolized by tr. The estimate of the 
standard deviation from a sample is the square root of the sample 
variance ($ 2 ). While the units of variance are pounds or inches squared, 
the units for the standard deviation are pounds or inches, just as the 
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original items were measured. Since the standard deviation is the 
square root of the variance, it can be computed as follows: 


-4 


(Xx - xY + (Xt - £)' + (X, - xy + - • • + (Xn - g)» 

n — 1 


This is illustrated in Table 15, where the standard deviation for heart 
girth is 3.66 inches and the standard deviation for weight is 139.9 lb. 

When reliable estimates of the mean and standard deviation are 
available for a normally distributed population, the expected proportion 
of the population which will fall within a designated area of the normal 
distribution can be computed from specially prepared tables. It has 
been possible to develop such tables because a consistent relationship 


Table 16. Relative Importance of Causes of Variation in Fat Production* 


Source of variation 


Per cent of total variance 


Breed. 

Herd: 

Feeding policy 
Other (genetic or environmental) 


Cow (mostly genetic) 

Residual (year-to-year variations): 
Feeding variation within the herd 
Length of dry period 
Season of calving 
Other year-to-year differences 
Other factors 

Total. 



100 


• Plum, M.. Jour. Dairy Set.. 38:824. 1935. 

between the mean and the standard deviation exists for a normal dis¬ 
tribution. Figure 83 shows this relationship, with 68.26 per cent of the 
observations being included in the area bounded by one standard devia¬ 
tion on either side of mean. Similarly, 95.46 per cent of the population 
is included in the area bracketed by two standard deviations from the 
mean, and 99.74 per cent of the population is included in the area brack¬ 
eted by three standard deviations on either side of the mean. 

As an example of the application of this concept, studies show that 
the standard deviation of average breeding (genetic) values for sires, as 
appraised from a study of their daughters’ lactation fat records, is about 
40 lb. In a population of 1,000 bulls whose breeding values are normally 
distributed, 161 would be expected to have breeding values which are 
at least one standard deviation (40 lb.) above the population mean. 
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Only 23 would be expected to be at least two standard deviations (80 lb.) 
above the mean, and only 1 would be expected to be at least three stand¬ 
ard deviations above the mean (120 lb.). Rather frequently when a 
sire’s daughters are compared with their dams, increases of from 80 to 
100 lb. of fat are found. Since the bull transmits only a sample half of 
his genetic make-up, a bull that is genetically 120 lb. above the popula¬ 
tion average would be expected to have daughters that were 60 lb. above 
average dams of the population. When the daughters of a bull average 
80 to 100 lb. of fat more than their dams, an environmental contribution 
to this increase should be suspected immediately. Bulls capable of 
genetically increasing their daughters to this extent are practically 
nonexistent. 



Fio. 83. A normal curve showing the area bracketed by one. two. three, and four standard 
deviations from the mean. 

Coefficient of Variation. It is sometimes desirable to compare varia¬ 
bility of things measured in different units. Generally, large things 
vary much and small things little, making it convenient to express the 
standard deviation as a percentage of the mean to make such compari¬ 
sons. The standard deviation as a percentage of the mean is termed the 
coefficient of variation (C), and the formula for computing it is 

r s X 100 
c - 5 

For instance, the variance of heart girth in the example in Table 15 is 
13.4 and that for weight is 19,575. However, the coefficients of vari¬ 
ability are 18 and 11 per cent respectively. Certain traits for a class of 
animals have characteristic coefficients of variation, a knowledge of 
which is valuable for planning and evaluating experiments. 

Correlation. We are often interested in learning whether or not one 
trait in an animal is associated with another trait. For example, is the 
length of the head in beef cattle associated with body conformation? 
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Is the weight of a dairy cow related to the amount of milk she will 
produce? Is there an association between back-fat thickness and the 
percentage of lean cuts in swine carcasses? 

The correlation coefficient (r) measures the degree of association between 
two traits or variables. It ranges in value from -1.0 to +1.0 and is an 
abstract value possessing no common units. A correlation of +1.0 
indicates that for each unit increase in one variable there is a unit increase 
in the correlated trait. The correlation coefficient may be anywhere 
between these two extremes, with a value of 0 indicating no association 
between the two variables. 

Heart-girth measurements and weights for 25 Holstein cows were given 
in Table 15. The high correlation between heart girth and body size 
has long been recognized and has provided the basis for measuring tapes 
used to estimate body weight. Table 15 also shows the calculations 
necessary to compute the correlation coefficient. 

The correlation coefficient (r) is then computed according to the 
following formula: 

r = Zxy - M- 800 » 11,600 _ 

V'(2x , )(2y‘) V(322) (469,800) 12,299 

Correlation coefficients are subject to sampling fluctuations, and the 
value (0.943) obtained from this sample of 25 cows will be limited in its 
representation of the association between these two traits, say, in the 
population of Holstein cows in the United States. Methods have been 
developed to ascertain the probability that a correlation of the magnitude 
found in the sample actually exists in the population. A significant 
correlation, from the statistical standpoint, means that there is a high 
probability that there is an association between the traits examined of 
the magnitude indicated by the sample value. With a large volume of 
data statistical significance may be realized, but logical judgment is 
necessary to determine whether or not the correlation is large enough to 
be practically useful in prediction and culling. 

Correlation and variance are related and in many respects represent 
two different ways of viewing variation. The square of the correlation 
coefficient (r 2 ) measures the portion of the variance in one variable, say 
(y), that can be accounted for by variation in a related variable (*). 
The square of the correlation (0.943) shows that 89 per cent of the 
variance in body weight is associated with variation in heart-girth 
measurements. The remaining 11 per cent (1 — r 2 ) is associated with 
variation in things other than heart girth. 

Too often when a correlation is found between two variables a cause- 
and-effect relationship is assumed. One must be most cautious in arriv- 
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ing at a conclusion regarding cause and effect. The correlation coefficient 
provides no evidence of itself as to which variable is the cause and which 
is the effect. Supporting evidence beyond the value of the correlation 
is needed to substantiate such a relationship. 

Regression. While the correlation coefficient measures the degree 
of association between two variables, the regression coefficient (b) meas¬ 
ures the amount of change in one variable associated with a unit change 



Fio. 84. Regression of body weight on heart girth for a sample of 25 cows (from Table 15). 

in the second variable. For example, from the data in Table 15 we 
might ask how many pounds change in body weight on the average are 
associated with each inch change in heart girth. 

The information in Table 15 has been plotted in Fig. 84 to demon¬ 
strate visually the association between heart girth and body weight. 
The regression line has been drawn to provide the best linear fit to the 
series of paired observations so as to minimize the sum of the squared 
deviations from this line. Again referring to Table 15, the regression 
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coefficient which represents the slope of the line is computed as follows: 

36 lb. 


- 


_ Zxy 
2x 2 


11,600 

322 


In this example the regression coefficient indicates that for each change 
of 1 inch in heart girth an average change of 36 lb. in body weight is 
expected. 

The regression coefficient and the correlation coefficient are related. 
If the correlation between heart girth and body weight were perfect, all 
the plotted points in Fig. 84 would be on the regression line. Under 
the circumstances we would be able to predict the weight of a cow 
exactly by knowing her heart-girth measurement. The relationship 
between the correlation coefficient and the regression coefficient is 
pointed out further, since, if r is known, b can be obtained as follows: 

r h. 

The regression finds most use in predicting or estimating one variable 
provided the other variable is known. Presume we know the heart- 
girth measurement of an animal and on the basis of the analysis of the 
sample of data in Table 15 we wish to predict her weight. Symbolically 
the equation for predicting a value of Y(f) is 

t = ? (* “ *) 


If a cow’s heart girth measured 72 inches, the predicted body weight 
for the cow would be 

? = 1,260 + 36(72 - 75) - 1,260 - 108 = 1,152 lb. 

Note that this and other predicted values will lie on the regression line. 

Regression as originally introduced by Sir Francis Galton had a 
slightly different, but related, meaning. In studying human stature 
Galton found that the progeny of tall parents usually are not as tall as 
their parents, and that progeny of short parents are not as short as their 
parents. In each case the progeny were nearer the population mean, or, 
as Galton expressed it, the progeny regressed toward the population 
average. 

Average parents tend to produce average offspring; parents above 
average tend to produce progeny above average; parents below average 
tend to produce progeny below average. However, the progeny of 
extreme parents, above or below the average, exhibit their parental 
characteristics to a less marked degree than these traits were manifest 
in the parents themselves. 
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This regression in the Galtonian sense is universal in materia 1 where 
the correlation between the two variables is not perfect. In the case of 
stature in Galton’s studies the correlation between the average of the 
two parents and their offspring approached 1.0, and though regression 
las evident, the progeny retained a large proportion of 
superiority. The high parent-offspring correlation indicated that most 
of the variation in stature was genetically conditioned, hence transmissi¬ 
ble from parent to offspring. For traits where the parent-offspring 
correlation is low, nongenetic variation is comparatively more influential. 
Only the parental superiority resulting from superior genetic potential is 
transmissible, and a more marked regression, in the Galtonian sense 
toward the population average is evidenced. It should be obvious that 
this law of regression can be applied with confidence only to the average 
of large numbers of observations. 
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CHAPTER XII 


POPULATION GENETICS 


Thus far we have been concerned chiefly with a specific mating and 
the genetics of an individual or individuals resulting from this mating. 
The discovery of many important genetic principles has resulted from 
such studies. However, a somewhat different complexion is given to 
several of these principles when the heredity of a population or a group 
of interbreeding individuals is considered. Population genetics is a field 
of inquiry where genetics as related to a group or population is considered 
in contrast to the genetics of individuals. This is sometimes termed 
statistical genetics , but the term population genetics is much to be pre¬ 
ferred. Statistics has entered the picture to characterize and to aid in 
providing a rational explanation of the dynamics of the population. 
The need for the examination of populations from the statistical view¬ 
point is also necessitated because most of the economically important 
traits are influenced by a large number of segregating loci. As was 
pointed out in the previous discussion of quantitative inheritance, the 
action of this large number of genes on individual traits precludes the 
separation of the population into discretely distinct genotypes. 

The desire to unravel the mystery of evolution has served as a great 
stimulus to the growth of population genetics, especially in the work of 
Fisher and Wright. With most of the economically important traits in 
animals our efforts toward improvement really represent attempts to 
accelerate the action of evolutionary forces. Before man realized he 
could modify his plants and animals in accordance with the purposes 
they were to fulfill, natural selection was actively developing populations 
better adapted to existing environmental conditions. The underlying 
biological circumstances which produced inherent change from genera¬ 
tion to generation was the same for natural selection as it is for artificial 
selection. Where evolutionary change is measured against a base of 
centuries, breeders try to operate in animal improvement against a time 
base of years or a few generations. 

Genetic improvement of a population results from underlying changes 
in gene frequency and/or changes in the way in which the mating system 
in th? population permits the genes to unite as the zygotes are produced. 
Although the frequencies of most of the genes influencing quantitative 
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traits are not known, an understanding of gene frequency is essential to an 
aDoreciation and understanding of the genetic dynamics of populations. 

Gene Frequency. The frequency of a gene, in its most general sense, 
means the degree to which it is rare or abundant. More precisely, the 
frequency of a gene is the proportion of the loci of a given allelic series 
occupied by a particular gene. Where only two members of an allelic 
series, say A and a, are involved, and there are N individuals in the 
population, the gene frequency can assume any one of 2N + 1 values. 
The frequency of a gene is conventionally designated by the letter q and 
that of its allele by 1 - 9 . For example, 


9 - 


XA loci 


and 1—9 


2 a loci 


2 A loci + i toS - * *" 2^ loci + 2 a loci 

Where several members of an allelic series are involved 


_ ZAi _ 

qAl XA h XAt + • • • + 2a 

Thus gene frequency takes on a range of values between 0 and 1. As 
defined it cannot be less than 0 (negative) or larger than 1 . 0 . 

For a numerical example consider the case of coat color in Shorthorn 
cattle, where the genetic situation is reasonably well explained on the 
basis of a single locus where an RR animal is red, an Rr animal is roan, 
and an rr animal is white. In a herd of 100 Shorthorns there are 47 red, 
44 roan, and 9 white animals. There are 200 loci in the population, 
and 138 (2 X 47 + 44) of the 200 loci are occupied by the R gene, giving 
it a frequency of 0.69. The r gene occupies 62 of the 200 loci in the 
population, giving it a frequency of 0.31. 

For loci where dominance is exhibited it is not possible to detect the 
heterozygotes directly and determine the gene frequency. However, 
the Hardy-Weinburg rule, proposed independently by Hardy, a British 
mathematician, and Weinburg, a German physician, in 1908, has pro¬ 
vided a basis for deducing the gene frequency in many situations where 
all of the individual genotypes are not distinguishable. This underlying 
idea of gene distribution postulates that in the absence of selection the 
relative frequencies of each allele in a population mating randomly tends 
to remain constant from generation to generation. 

Random Mating. To explore this idea in more detail we must under¬ 
stand what is meant by random mating. The situation of random mating 
exists when the probability of the mating of a given female to a particular 
male is in direct proportion to the different types of males in the popula¬ 
tion. Random mating with respect to a trait exists when an individual 
which possesses this trait is no more or no less likely to mate with another 
possessing the trait than would be expected from the frequency of 
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individuals of the opposite sex possessing that trait in the population. 
Using the example of human blood groups, data that have been collected 
indicate that mating is essentially random with respect to the AB, A, B 
and 0 blood groups. A person with blood grouping AB is not influenced 
m choosing a mate by the prospective mate’s blood grouping. This 
means that in a population the proportion of AB individuals which will 
marry O-type individuals can be predicted from the proportion of O-type 
individuals of the opposite sex in that population. 

Some may prefer the term panmixia on the grounds that the term 
random mating may suggest carelessness. Such is not the case, how¬ 
ever. It should also be pointed out that the method of selecting animals 
may in no way be random, although the manner in which these selected 
individuals are combined may be random. The method of choosing the 
individuals and the mating system employed generally will not be con¬ 
tingent on one another. 

Hardy-Weinburg Rule. In a population satisfying the Hardy- 
Weinburg rule the proportion of the different types of gametes produced 
in a population is directly proportional to their respective gene fre¬ 
quencies. Thus, in our previous example with Shorthorns, where 
q was 0.69 and 1 — q was 0.31, the gametic frequencies in that population 
would be (0.69/2 + 0.3lr). In conformity with the postulate that in a 
large population mating randomly with no selection the frequency of 
each allele tends to remain constant, the square of the population’s 
gametic array gives the zygotic distribution. With only two alleles the 
gametic array would be \qA + (1 — g)a]. The zygotic array under 
random mating would be the square of this expression or 

[qA + (1 - q)a ]* = q*A + 2q(\ - q)Aa + (1 - qYaa 

This expression will permit the extension of the checkerboard method for 
determining the expected proportion of the different kinds of genotypes 
from a particular mating to include the entire range of gene frequencies. 
Most of the previous examples were special cases where q was equal to 
0.5, as in F\ s and Ft 8. 

When we are working with populations where (1) the reproductive and 
survival rates of individuals carrying AA, Aa, or aa genotypes are equal, 
(2) mating is random, (3) mutation is infrequent, and (4) the population 
is large enough to make accidents of sample inconsequential, the Hardy- 
Weinburg formula permits an indirect estimation of gene frequencies. 

When complete dominance is exhibited the heterozygotes are indis¬ 
tinguishable from the homozygous dominants. Nevertheless, in a popu¬ 
lation that satisfies reasonably well the requirements enumerated above, 
an estimate of gene frequency can be obtained from an accurate count 
of the proportion of recessives in the population. Although recent 
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counts are not available, earlier information has indicated that in Hol- 
steins about 1 of 200 calves born is red and white. Red is recessive to 
black, and from the Hardy-Weinburg rule the recessives should make 
u p _ qy of the population. Hence, 

(1 _ = = 0.005 1 - q = VO005 = 0.07, and q = 0.93 

For sex-linked traits the zygotic and gene frequencies in the hetero- 
gametic sex are the same. If complete dominance is exhibited by the 
trait, the gene frequency in the homogametic sex could be determined 
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Fio. 85. An example of the Hardy-Weinburg law where BB and Bb individuals have black 
coat color and 66 individuals have red coat color. Rather than a ratio of 3 black to 1 red, 
which would be expected when gene frequency (q) was 0.5. the ratio hero is approximately 

199 black to 1 red. 


in the same manner as with autosomic inheritance. Red-green color 
blindness in man is sex-linked. If 5 per cent of the males are color-blind, 
then the frequency of the recessive gene would be (1 — q) = 0.05. 
Assuming the same gene frequency in the females, the incidence of such 
color blindness would be (0.05) 2 = 0.0025, or 0.25 per cent. Red-green 
color blindness would be about 20 times as common in males as in females 
under random mating. 

Since changes in the mean of a population under random mating are 
dependent on gene-frequency change, the forces influencing gene fre¬ 
quency are found to be in various states of balance from time to time. 
The gene frequency at a particular instant is a result of the equilibrium 


258 BREEDING AND IMPROVEMENT OP FARM ANIMALS 

between selection migration, chance, and mutation. Wright has sum¬ 
marized the effects of these forces on evolutionary change and provided 
a basis for interpreting the effect of these forces on gene frequencies in 
livestock populations. 

Mutation. This source of genetic variability was discussed in the 
preceding chapter. Mutation proposes new genes, and selection dictates 
whether these genes are retained or rogued from the population. Muta¬ 
tions are generally much less important in changing gene frequency than 
De Vries originally presumed in 1901 after studying Oenothera. In 
contrast to Darwin’s belief that small variations were responsible for 
eventual species formation, De Vries looked upon mutation as providing 
the means for drastic changes. 

It has already been pointed out that several things limit the role of 
mutation in providing usable variation. These same conditions impose 
limitations to its influence in changing gene frequency. The quantitative 
change in gene frequency by mutation can be expressed by letting u be 
the mutation rate from A to a and by letting v be the reverse mutation 
rate from a to A. The change in q(Aq) per generation can be expressed 

A q = -uq + v(\ - q) 

The balance between the two mutation rates in the absence of other 
disturbing factors makes for a decrease, increase, or a stable gene fre¬ 
quency in the population. Under circumstances where the mutation 
rates are permitted to seek their own equilibrium Aq = 0. At this point 

v 

9 ~~ u + v 

Mutation must be recognized for the important part it plays in pro¬ 
viding new variation over long periods of time, permitting the population 
to adapt to changing environmental stress. It is not a potent force in 
changing gene frequency because most mutation rates are low and most 
mutations are harmful. Their general recessive nature makes it difficult 
to increase their frequency in initial selections. 

Migration. The introduction of new genes into a population can 
change gene frequency, but in purebred livestock populations it is not 
generally of widespread importance. The pedigree barriers imposed by 
the closed registration in most of the pure breeds restrict the introduction 
of new genes. Any change which migration invokes is dependent on the 
frequency of the gene in the immigrant population and the extent to 
which the immigrants are allowed to propagate, t.e., the proportion of 
gametes they are permitted to furnish. 

Several instances where importation of animals have been made to 
introduce genes for specific traits are known. Indian cattle were intro- 
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rfuced into the beef populations in Texas and the Gulf states to provide 
resistance to tick fever and the ability to gam on the poor-quality native 
rouehaee. More recently Red Sindhi have been used in experimental 
crosses to introduce genes for heat tolerance in the dairy cattle of this 
reeion The introduction of the Danish Landrace hog to provide genes 
to improve bacon qualities of our American breeds of swine is another 
interesting example. 

In a more limited sense certain seed-stock herds or flocks may serve 
as centers of radiation. Purchase of animals from these herds for use in 



Fio. 86. A Komo-Sinuona cow. a breed native of Colombia. South America. Korno- 
Sinuona breeding was introduced into experimental beef herds in North Carolina by flying 
in semen from South America. 


commercial herds and flocks might be looked upon as selection for the 
breed as a whole. However, for the individual herd or flock it is com¬ 
parable to migration, with possible new genes being introduced from the 
seed-stock herds or flocks. 

Chance. Changes in gene frequency also can result just from chance 
due to Mendelian sampling which takes place in providing the gametes 
which represent the gene pool for the next generation. To the extent 
that these sampling changes do occur, they should be random and cancel 
one another in a large population. However, with a small population 
the continuous chain of sampling to provide the gametes for each succeed¬ 
ing generation may become a potent force in changing gene frequency. 
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If the sampling from each parental population were entirely random, 
the knowledge of the characteristics of the binomial distribution permits 
the examination of the chance variation expected in a given-sized popula¬ 
tion. We shall consider two alleles, A and a, where q = 0.5 in two 
populations, one consisting of 100,000 individuals and the other consist¬ 
ing of 50 individuals. The larger population’s 200,000 gametes arise 
from a pool consisting of equal numbers of A and a gametes. Exactly 
equal numbers of the two gametes will not necessarily enter into the 
formation of the next generation. By chance there might be more or 
less than 100,000 of each kind of gamete. According to the sampling 
of a binomial distribution the expected number of A or a gametes in the 
large population would be 


100,000 ± 


4 


100.000 X 100,000 

200,000 


100,000 ± 223 


Likewise in the small population of 50 individuals the expected number 
of A or a gametes would be 


50 ± >/t - 50±5 

The sampling or standard deviation for the large population of 223 is 
actually much larger than the 5 for the small population. Compara¬ 
tively, the standard deviation for the large population is only 0.223 
per cent of the expected number of gametes, whereas in the small popu¬ 
lation it is 10 per cent of the expected number. From this one can see 
that in the absence of selection, mutation, and migration the propor¬ 
tion of gametes, and hence the gene frequency, can remain seemingly 
unchanged from generation to generation in a large population. With 
small populations much variation in gametic proportions is expected, 
and the extinction or fixation of a given locus is not uncommon. Inter¬ 
mediate between extinction and fixation the gene frequencies may drift 
in one direction or another, providing for a change which has been 
referred to as genetic drift by Wright. 

The decrease in heterozygosity accompanying inbreeding is a mani¬ 
festation of the above property. Under inbreeding the population num¬ 
ber is restricted, since matings take place within a closed herd or flock 
(see Chap. XV). The smaller the population the more drastic may be 
the genetic drift or possible change due to chance, just as the smaller 
the interbreeding population the more intense the rate of inbreeding. 

Selection. Selection occurs whenever forces permit some individuals to 
produce more offspring than others. Individuals which leave no offspring 
are genetically culled from the population. Selection creates no new 
genes, but it permits the possessors of some genes and gene combinations 
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to have more offspring than individuals lacking these genes or gene com¬ 
binations. The underlying influence of selection is to change gene fre¬ 
quency, and the other consequences of selection depend on the magnitude 
of the change in q. The apparent creativeness of selection in producing, 
after continuous selection, types not present in the original population 
results from the accumulation of genes and gene combinations over 

many generations of selection. . 

Although actual selection involves saving or rejecting the individual 
and its full complex of genes, for illustrative purposes we shall simplify 
the situation to involve a single pair . i 

or two allelic genes. Even in this 1 

simplified situation zygotes must be 
saved or rejected, and even here 
progress would be much more rapid 
if selection of gametes were possible. 

The amount of change in gene 
frequency to be expected from a 
generation of selection can be deter¬ 
mined if we know the relative num¬ 
ber of offspring parents with each rate of oecrease 

genotype will produce. Wright has i/2 n 

developed the background for meas¬ 
uring this change in gene frequency nni rT lll l llllllll l ll ll lllllllllllll T 
where a constant selection pressure 
is maintained. We shall presume 
that the AA, Aa and aa xygotes ■> 

arising from segregation at an in- I IIII11IIlllllII111 m illlllI H i mU ll l U 
dividual locus reproduce in the ratio 6ENE FRE0UENCY 

1:1 — hs: 1 — S. The symbol S is pio. 87. Distribution of gene frequencies in a 
the selection coefficient representing closed population where only chance is 

_ . .. e . .. ... operating to move the genes toward extinc- 

the intensity of selection against tne tion . o) or fixation (<? - l.O). Mu- 
aa type, assuming the A A type to tation. migration, and selection are assumed 

JV [ , . , rjy. . f to be inactive. The size of the population 

be most desired. 1 ne value OI $ (jy) determines the rapidity with which the 

represents the proportion of the intermediate gene frequencies move to zero 

y , . . , , ,, , . or 1.0. (i From Wright, 1931.) 

genotypes rejected by the breeder. 

This in the case of the red genotypes for registered Angus and Holstein 
breeders $ would be 1. The symbol h represents the intensity of selection 
against Aa types in terms of aa. With zygotic selection and complete 
dominance (h = 0) the heterozygote is indistinguishable from the desired 
homozygote (AA); consequently no selection pressure can be applied to 
the heterozygote. With no dominance (A = 1/2) the heterozygote is 
intermediate in breeding value between A A and aa. The value of h = 1/2 
means that selection against Aa types is one-half as intense as it is against 


» 025 050 070 1.0 

GENE FREQUENCY 

Fio. 87. Distribution of gene frequencies in a 
closed population where only chance is 
operating to move the genes toward extinc¬ 
tion (q - 0) or fixation (q ■= 1.0). Mu¬ 
tation, migration, and selection are assumed 
to be inactive. The size of the population 
(AT) determines the rapidity with which the 
intermediate gene frequencies move to zero 
or 1.0. C From Wright, 1931.) 
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aa types. Where the recessive type (< aa)) is desired (h = 1) the AA and 
Aa types would be equally restricted in their reproductive rates. 

On the basis of these relative reproductive rates Wright has shown 
that the change in gene frequency for a generation of selection (A q) 
would be approximately equal to 

*( 1 - Ml - <i + M2 q - 11) 

This expression can be simplified for specific degrees of dominance. In 
the case of complete dominance where h = 0 


A q « $9(1 - q)* 

For no dominance where h = 1/2 


Aq 


~ q) 
2 


When the recessive gene is desired and h = 1 


A q " “ ?) 

The effectiveness of selection for genes exhibiting these degrees of 
dominance can be seen in Fig. 88, which was originally presented by 
Wright. The heights of the curved lines represent the change in gene 
frequency to be expected when the gene frequency in the population 
ranges from 0 to 1.0. Fluctuation in the height of the curves makes it 
clearly evident that A q is dependent on the existing gene frequency in 
the population when selection is being practiced. 

For the gene showing no dominance A q is largest when q = 0.5. 
Beginning on the left of the figure, where q = 0.1, progress will become 
more rapid with each successive generation of selection until q reaches 
0.5. From this point the rate at which q approaches 1.0 will slow down 
more and more as the actual value of q in the selected population increases. 

Dominance is an aid to increasing the frequency of a dominant gene 
when q is low. So long as the undesired recessive is more abundant 
than the desired dominant, even the retention of heterozygous individuals 
serves to increase the frequency of the dominant gene. Nevertheless, 
after the desired dominant gene has reached a frequency of 0.5, saving 
the heterozygotes does not contribute to increasing q. At this stage 
the complete dominance which assisted the change in q when the fre¬ 
quency of the desired gene was low now actually hinders progress. 

In Fig. 88 the curve shows that efforts to increase the frequency of a 
rare gene are not so rewarding when the gene is recessive. This is 
another way of pointing up the difficulty experienced in establishing a 
recessive mutation. At the early stages even the saving of the heterozy- 
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cotes would aid in increasing the frequency of the desired gene. How¬ 
ever, it cannot be recognized and differentiated from the even less 
desired homozygote. 

Mutation and Selection. As has been pointed out, the gene frequency 
at a given time is the result of the equilibrium between selection, muta¬ 
tion, chance, and migration. In exploring the explanation for evolu¬ 
tionary changes considerable progress has been made in expressing the 
relationship among these forces and in predicting the ultimate equilibrium 
value of gene frequency for a specific population. 



FREQUENCY (q) OF SELECTEO GENE 

Fio. 88. Rate of change of gene frequency under selection and mutation only. Equilibrium 
frequencies are shown at the junction of the mutation line and the curve for the respective 
type of desired gene. Mutation rate (u) assumed equal to s/32. (From Wriqht, 1931.) 

Illustratively we shall consider the special case where only selection 
and mutation have an important influence on gene frequency. We 
shall further consider that reverse mutation is negligible; hence the net 
change in gene frequency due to mutation would be uq. At equilibrium 
between mutation and selection A q would equal zero. The pressure 
which selection exerts to change gene frequency would be counterbalanced 
by the change due to mutation and A q would equal zero. When selection 
is for a dominant gene and the population is at equilibrium between 
mutation and selection 


uq = sq(l - q ) 2 
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Solving this expression for q gives the gene frequency reached at equilib¬ 
rium, which for the above expression 


Q - 1 “ 

For the other two cases discussed in the preceding section the equilib¬ 
rium value of q is 1-— when selecting for a gene showing no dominance, 

and 1 - j when selecting for a recessive. The equilibrium points for 

each of these special cases are shown in Fig. 88. 

For an illustration of the equilibrium frequency consider the problem 
of eliminating the red gene from either the Holstein or the Angus cattle. 
In these situations the double recessives are eliminated, but the heterozy¬ 
gotes are allowed to breed. The selection coefficient $ equals 1 and h is 0, 
since the desired gene is dominant. Information on the actual mutation 
rate u for this locus is not readily available. Assuming a mutation rate 
of 1 for each 20,000 loci (0.00005), which is the value also suggested for 
the polled locus in cattle, an equilibrium gene frequency would be 
obtained when 

Earlier in this chapter it was pointed out that the frequency of the 
black gene was probably near 0.93. The above equilibrium value indi¬ 
cates that mass selection can still increase the frequency of the black 
gene, but it will be a time-consuming process, as illustrated in the curve 
of Aq for a dominant gene in Fig. 88. If breeders considered eliminating 
the red gene extremely important, and were willing to go to the trouble 
and expense to test all males by breeding each of them to 5 or 6 red cows, 
progress toward eliminating the red gene would be accelerated. Under 
such a plan selection against the red gene would be more intense, since 
most of the heterozygous males would be detected. If such a plan were 
kept active for a great many generations, a new equilibrium value for 
gene frequency would be reached somewhat nearer 1.0 than the 0.993 
of the above example. 

Hereditary Variance. As was pointed out in the preceding chapter 
on variation, both hereditary and environmental influences are responsi¬ 
ble for the observed variation in records of performance. The hereditary 
variation results from the action of the genes and gene combinations in 
response to the environmental conditions provided the individual mem¬ 
bers of the population. Only genes and chromosomes conditioning the 
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hereditary variability can be transmitted from parent to offspring or 
selected in breeding programs. 

Most important quantitative traits are usually influenced by an 
unknown number of genes. Moreover, the mode of action, either 
chemically or descriptively, such as additive, multiplicative, etc., is also 
rarely known. Fortunately this, in most cases, is not a real handicap 
to animal breeders. While somewhat more accurate choices of animals 
might be possible if all the details as to the genes present and their mode 
of action were known for the simpler inherited traits, what the breeder 
would do corresponds closely to what he does when the individual per¬ 
formance, the mean, and the relative importance of the several sources 
of variability are known. 

The fundamental genetic theory which provides the basis for logical 
direction of applied breeding programs as developed largely by Fisher 
and Wright has been interpreted in the light of animal-breeding applica¬ 
tions to a great extent by Lush and his students and associates. Its 
main thesis relies on the partitioning of the total hereditary variance into 
three components based on a statistically convenient description of gene 
action. These three component parts of the hereditary variance (a 2 /t) 
are the additively genetic variance (*V)» the variance due to dominance 
deviations from the additive description (<r J d), and the residual variance 
called epistatic variance 

The simplest way for genes to be combined is the substitution of a 
gene for its allele to produce a certain plus or minus change in the trait 
or quality being observed. Some gene effects presumably do combine 
in this way, and the effects on phenotypic variability of most other genes 
can be explained largely by an additive description or model. This is 
commonly referred to as the additive or average effect of a gene, and the 
variance resulting from the additive effects summed up for all loci influ¬ 
encing the trait is termed the additively genetic variance (a 7 g). 

In some instances the full effect of a gene substitution on the pheno¬ 
type cannot be adequately represented by the additive description. 
For many of such instances the effect of a gene substitution may be 
dependent on the other genes present in the genotype. Considering the 
simple example of dominance, the substitution of A for a in an aa geno¬ 
type has a more marked effect on the phenotype than when A is substi¬ 
tuted for a in an Aa genotype. Dominance represents the condition of 
nonadditivity where the phenotype of the heterozygote is not exactly 
midway between the two homozygotes. Hence the effect of a gene sub¬ 
stitution of A for a is not additive for all genotypes in the population. 

Even with complete dominance much of the relationship between 
phenotypes and genotypes in the population can be accounted for by an 
additive relationship. The portion of variability which cannot be thus 
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accounted for is termed dominance deviations from the additive description, 
and the variance contributed by these deviations is the dominance 
variance (<r 2 d). 

Nonallelic genes may also influence the expression of a trait. A classi¬ 
cal example is that of purple and white flower color in sweet peas reported 
by Bateson. Two independent pairs of genes (Cc, Pp) each showing 
dominance were found to be responsible. White flowers result when 
either one or both of the dominant loci are absent. At least one of each 
of the dominant genes at the two loci, however, are required to produce 
the alternative purple color. Hence the presence of these genes, each 
at different loci, is required for the expression of purple color. Though 
dominance may be regarded as interaction among allelic genes, this 
example represents interaction also among nonallelic genes and is referred 
to as epistasis. 1 Hereditary variance not included in the additive or 
dominance portions is termed epistatic variance (<xH). 

The detailed mathematics underlying the logic of this statistical 
description of gene expression is not to be covered in this text, but the 
usefulness of this concept will be pointed out numerous times. In 
partial explanation, the gene effects which can be described in an additive 
manner and which are responsible for the additively genetic variance 
represent those influences which are subject to molding and change by 
selection. Those effects expressed as dominance and epistatic deviations 
are not amenable to mass selection pressure. They represent specific 
effects which provide the basis for heterosis in inbred-line and breed 
crosses. 

Heritability is the fraction of the observed phenotypic variance which 
results from differences in heredity—among the genes and gene combina¬ 
tions of the individual genotypes as a unit. This is the broad concept 
of heritability in which the hereditary variance is considered as the sum 
of the additively genetic, the dominance, and the epistatic variance. 

More commonly a narrower definition of heritability is used. The 
variability associated with the additively genetic differences in the 
phenotype are closely associated with the potential improvement which 
selection can bring about in the population. The narrower definition of 
heritability represents the fraction of the observed phenotypic variance 
which is additively genetic. This is expressed as 

__ 

a 2 g + + <rH' + e 

where a 2 e represents all other nongenetic variance. 

1 This usage of epistasis includes all nonallelic-gene interactions and is more inclusive 
and generalized than the meaning implied for epistasis earlier in the text. 
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Theoretically, heritability can range from 0 to 1.0, but these extreme 
values are rarely encountered in practice. A figure determined for 
heritability is descriptive of a trait in a particular population at a given 
time. Since it is a fraction, its value can be changed by changes in the 
additively genetic variance represented in the numerator or by changes 
in any one or all of the components of variance represented in the denomi¬ 
nator. The additively genetic variance is closely associated with the gene 
frequency of the genes influencing the trait. For most situations a 7 g is 
largest when q for the influencing genes is near 0.5. 

Repeatability is a concept closely allied to heritability and is useful for 
those traits which are expressed several times during an animal’s lifetime, 
such as lactation milk yield for dairy cows, number farrowed and litter 
weight for swine, and weaned weight of lamb or calf for sheep or beef 
cattle. Since neither the genes nor gene combinations influencing the 
successive expressions of a trait change, repeatability should be at least 
as large as heritability in the broad sense. It may be larger, since 
certain permanent environmental influences may be included in the 
numerator of the repeatability fraction, but they, of course, would be 
nongenetic. 

Repeatability can be computed as the regression of future performance 
on past performance. In addition to being computed as a regression 
it may be derived from an analysis of variance as an intraclass correlation 
among records or observations of traits on the same individual. Repeat¬ 
ability can be expressed as 

a 7 g + o 7 d 4- oH + 
a 7 g + a 7 d + a 7 i + a 7 pe + a 7 

where <r 7 pe represents variance associated with possible permanent 
environmental influences which make for differences in the expression 
of a particular trait for the several individuals in the population. For 
example, a cow may accidentally but permanently lose one quarter, 
and this would influence milk yield in all future lactations. The feeding 
and care of young animals may be such as to stunt them permanently, 
and whatever differences this poor feeding and care had made would 
appear again and again in the subsequent expressions of a trait. 

Some data of Lush et al. illustrate both the concepts of heritability and 
repeatability. They studied 676 daughter-dam comparisons used to 
prove 103 sires in Iowa dairy herd improvement associations. The 
lactation fat yields were each expressed on a standardized mature basis. 
Where the mates of a bull had only one record the data for her and her 
daughter were discarded. The mates (dams) were then divided into a 
low and a high half on the basis of the first available record on each dam. 
All available later records were then averaged to provide a single value 
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which was used in representing the later records of these cows. Each 
dam was then represented by only one value in the average of first and 
later records. The summary of these data is given in Fig. 89. 

If a bull had an even number of daughter-dam comparisons, all were 
used. Where a bull had an odd number of such comparisons, the mate 
having a median first record was discarded along with the information 
on her daughter. In this way each of the 103 sires had exactly the same 
number of mates in the high group as in the low group. With the fulfill¬ 
ment of this condition average differences in herd averages or in the 
genetic merit of the sires would not affect the differences between the 
high and low groups. 

As shown in Fig. 89, the difference between the mates’ first records 
was 102.1 lb. of fat ( X ). This would be representative of the total 
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Fio. 89. Regression of later records and daughter's records on the dam's selected record. 
Dotted line represents midpoint between selected high and selected low records. [Prom 
Lueh ct <U„ Jour. Dairy Set.. 24:699 (1941).) 

variability between these two groups of cows. The difference (y) 
between the later records of these groups of cows was 43.6 lb. This is 
representative of the real difference in producing ability among these 
cows if successive records of these cows in the same herds were obtained. 
When the mates for each sire were divided into a low and a high half, 
the low half, for example, was represented by cows with lower inherent 
ability, and, in addition, by selecting on the basis of the size of the record, 
poorer-than-average environmental circumstances were represented also. 
In the successive records a new sample of herd circumstances, now pre¬ 
sumably representative for both low and high groups, was included. 
Hence, only the repeatable or real difference between these groups of 
cows is exhibited in the contrast of the later records. The procedure 
followed above provides an approximation to the regression of future 
performance on present performance, and as such is an estimate of 
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repeatability. The repeatability of differences in single lactation fat 

yields in these data is 43.6/102.1 = 0.43. 

The averages for the daughter lactations for these two groups of cows 
are shown in Fig. 89. The daughters from the high groups of dams 
averaged 393.4 lb. and those from the low group averaged 379.3 lb. 
Each sire was represented by an equal number of daughters in the low 
and the high groups, and sire differences do not contribute to the 14.1-lb. 
difference between the daughters of these two groups of dams.^ How¬ 
ever, since the daughters received only a sample half of the dam’s geno¬ 
type, the 14.1-lb. difference represents only one-half of what might have 
been expected if the sires as well as their mates (dams) could have been 
selected into comparable low and high groups. 

On the basis of the first available record, the difference between the 
low and the high group of cows was 102.1 lb. However, on the basis of 
future records, only 43.6 lb. represent real or repeatable differences 
among cows. The daughters of these two groups of cows point out that 
of the 102.1-lb. initial difference in the cows one-half of the average 
difference in breeding value among these cows was 14.1 lb. Hence the 
heritability of differences in the lactation fat records is estimated to be 
2(14.1/102.1) - 0.28. . 

In the above example each cow’s phenotype was measured by a single 
record. When the average of several records for individual animals is 
used, the random environmental variance indicated by a 2 in the numera¬ 
tor of the expression for repeatability on page 267 is reduced by 1/nth 
of what it is for single records. The numerator is usually not materially 
affected; hence the heritability of averages is higher than for single 
records. This is another way of expressing the fact that extreme environ¬ 
mental circumstances are averaged out when the mean of several records 
is used, permitting the inherent genetic influence of the individual to 
show up more distinctly. 

When average records are used and when each animal studied has the 
same number of records, the relationship between heritability and the 
number of records ii> the average is defined by the expression 

nh 7 

1 + (n - 1 )r 

r represents the repeatability of the trait, n is the number of records in 
each individual’s average, and h 7 is the heritability of the trait. The 
effect of changing n for four different values for heritability when repeat¬ 
ability is 0.40 is shown in Table 17. For traits with repeatabilities lower 
than 0.40 heritability is increased relatively more by using averages, and 
when repeatability is higher than 0.40 the advantage of using averages is 
relatively less. 
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The concept of regression in the Galtonian sense as referred to in the 
preceding chapter is aptly illustrated in the present example (Fig. 89) 
with the regression of the average of the first records and the average 
of the daughters toward the mean of X. With perfect repeatability the 
second records should have also averaged 440.4, and no regression would 
have been evident. With complete heritability the difference between 
the daughters of these two groups of dams should have been 51.5 rather 
than the 14.1 actually observed. 


Table 17. Change in Heritabiutt Values Associated with Using Various 
Numbers (n) of Records when Repeatability (r) Is 0.40 


n 

Values for heritability (fc>) 

I 

wm 

ija 

0.30 

wm 

2 

la 


0.43 

0.57 

3 

t£9 

0.33 

0.50 

0.67 

4 

S£S 

0.36 

0.55 

0.73 

5 


0.38 

0.58 

0.77 

10 

H 

0.43 

0.65 

0.87 


Estimating Heritability. The underlying basis for estimating herita¬ 
bility depends on evaluating how much more alike individuals with 
similar genotypes are than unrelated or less closely related individuals. 
The parent-offspring relationship is most useful for estimating herita¬ 
bility among farm animals, although the use of paternal half sibs is 
valuable in many instances. 

The regression of parent on offspring is commonly used, since there is 
usually some selection of the individuals that will leave offspring. In 
many data where the dams are more numerous than the sires, the intra- 
sire regression of offspring on dam is useful. The example in the previous 
section is an approximation to the statistical computation of the intra- 
sire regression. Since the relationship to only one of the two parents is 
involved, the regression obtained must be multiplied by 2 to obtain the 
estimate of heritability. The fraction obtained indicates the portion of 
the phenotypic variance among the dams which can be considered to be 
additively genetic. 

The use of the intra-sire regression is recommended because the mates 
and offspring of a sire are usually kept in the same herd or flock. Hence 
the wide range of managemental differences from farm to farm do not 
contribute to the parent-offspring likeness. It further removes much 
of the intrafarm environmental likeness, since on an intra-sir^ basis the 
members of a set of paternal half sibs are nearly contemporary and are 
raised and perform under essentially the same managemental conditions. 
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The paternal half-sib resemblance is also often used to estimate herita¬ 
bly- However, half sibs have on the average only one-quarter of the 
cenes occupying segregating loci in common rather than one-half, as in 
the parent-offspring relationship. Consequently the intraclass correla¬ 
tion among half sibs must be multiplied by 4 instead of 2, and the oppor¬ 
tunity for sampling discrepancies is measurably increased. The results 
of selection experiments, resemblance between full sibs and identical 
twins also can be used to estimate heritability. A detailed coverage 
of this method has been given by Lush. The parent-offspring and 
paternal half-sib resemblances are intended to provide an estimate of the 
narrow definition of heritability. Nevertheless, practically all of the 
estimates of heritability include some environmental contribution to the 
resemblance among related animals. In addition to possible environ¬ 
mental contributions to the resemblance, some epistatic influences may 
contribute to the observed likeness. Generally this contribution is 
believed to be small, and we shall consider the estimates of heritability 
using parent-offspring and half-sib relationships as being indicative of 
the additively genetic fraction of the phenotypic variance. 

Why Estimate Heritability? The usefulness of the concept of herita¬ 
bility will be illustrated in the succeeding chapters. Some of the reasons 
why it is an important concept can be profitably considered at this point. 

When the breeding program consists of simple selection with the most 
desirable individuals being chosen as parents, the anticipated progress 
is only the heritable fraction (heritability in the narrow sense) of the 
superiority which the selected parents show over the average of the 
population from which they were chosen. The intensity of selection 
will determine the superiority of the parents, but only the portion of the 
superiority resulting from additively genetic differences is to be recovered 
on the average in the progeny. 

A reliable estimate of heritability is also needed to decide which 
breeding plan is likely to be most effective. Where heritability is high 
for the desired characteristic, mass selection with little emphasis on 
pedigree, family performance, or progeny testing may be best. If 
heritability is low, progress from straight selection may be slow enough 
to warrant greater emphasis on pedigree, family selection, or even the 
progeny test. 

Where estimates of heritability in both the broad and narrow concepts 
are available the relative importance of additively genetic variance in 
comparison to epistatic and dominance variance can be appraised. If 
there is much epistatic and dominance variance, breeding systems which 
will capitalize on these specific genetic combinations are to be recom¬ 
mended. This may call for inbred-line formation if crosses among 
already existing breeds do not give practically satisfactory recovery of 
the potential hybrid vigor. 
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CHAPTER XIII 

SEX DETERMINATION AND SEXUAL DIFFERENTIATION 


Probably the most fundamental property of living protoplasm is its 
ability to reproduce itself. The reproductive process may be postponed 
for many years, as is the case in certain seeds stored in a cool, dry environ¬ 
ment. Some viruses and bacteria, and more recently sperm, have been 
known to retain their reproductive capacities for long periods of time 
when held in the frozen state. Some viruses are so versatile in retaining 
their generative properties after being frozen, dried, or crystallized that 
they resemble, in part, both living and nonliving matter. 

Biologists have long recognized that the lower forms of plant and 
animal life may reproduce asexually by fission or budding. It was 
thought that such forms were completely without sexual differentiation. 
In recent years evidence has been accumulating that some of the single 
celled forms, e.g., bacteria, may interchange protoplasmic material, and 
some of our ideas that sexual differentiation is limited to the more complex 
organisms may have to undergo modification. 

Hermaphroditism, the presence of gonads capable of producing both 
sperm and ova in a single organism, is considered a rare and abnormal 
situation by those not trained in biology, but many of the lower forms, 
such as the common earthworm, are normally hermaphroditic. Some of 
the hermaphroditic forms produce sperm and ova at the same time, and 
others have phases during which they resemble males and intervals 
during which they resemble females. 

The layman regards sex as a definite, definable condition. The live¬ 
stock producer tends to believe that all the higher mammals are definitely 
of one sex or the other, but through observation he has concluded that 
there are wide differences in sexual differentiation or expression. The 
livestock breeder describes these differences in terms of masculinity and 
femininity. Nearly all breeders have seen animals which have genital 
organs resembling in varying degrees both sexes. The cattle breeder is 
familiar with the freemartin condition, and the poultryman sometimes 
observes true sex reversal in the domestic fowl. More will be said of 
these conditions later. 

The questions of sex determination and sexual differentiation become 
more rather than less complex as we gain additional information in 
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cellular anatomy, physiology, and chemistry. We must conclude that 
sex is a relative condition. The higher forms of life, including all the 
farm animals and man, have certain characteristics of both sexes. For 
purposes of generalization most biologists agree that sex determination 
has a definite genetic basis and is regulated by the chromosomal or genetic 
make-up of the gametes, the sperm and the ova. Sexual differentiation 
during embryonic and fetal development and through postnatal life is 
affected by many internal and external environmental factors. The 
higher vertebrates pass through an embryonic period during which the 
gonad cannot be distinguished as either an ovary or a testis, and during 
which each embryo has tissues capable of forming either the male or the 
female genital organs. Some remnants of the opposite sex can be found 
in normal mature males and females. 

It is not strange that man has developed many theories as to the origin 
and purposes of sex, and that livestock breeders have many misconceived 
ideas of sex determination and sexual differentiation, to say nothing of a 
variety of “methods" for influencing sex ratios or predicting the sex of 
the unborn. We shall attempt to present the best scientific evidence 
available on this subject and thereby take some of the hex out of sex. 

Sex Determination. The most widely accepted theory explaining 
the mode of sex determination in higher animals postulates that sex 
depends on the behavior of one pair of chromosomes—the so-called 
“sex chromosomes." It has been observed in many species that the two 
members of each chromosome pair (except the sex pair) are grossly alike 
in most cases when examined microscopically. These are called the 
autosome8. The remaining pair are alike in one sex but appear to be 
grossly different in the other sex. The possible relation of the behavior 
of this pair of chromosomes to sex determination was first suggested by 
McClung in 1902 and confirmed by Stevens and Wilson in 1905. The 
basic principle is most easily illustrated by the chromosomes of the fruit 
fly, D. melanogaster. This species has four pairs of chromosomes, three 
of which are autosomes (similar in both sexes), while the remaining pair 
(sex chromosomes) is also similar in the female but different in the male. 
These chromosomes are termed the X and Y chromosomes. At the time 
of meiosis during germ-cell formation, one member of each chromosome 
pair goes to each sperm in the male, with the result that half the sperm 
contain an X chromosome and half contain a Y. Since the female has 
only X chromosomes, each ovum produced contains an X. Fertilization 
by X-bearing sperm leads to the production of embryos with two X’s 
(females), while fertilization by Y-bearing sperm leads to the production 
of embryos with an X and a Y (males). This process is illustrated for 
Drosophila in Fig. 90. 

This is thought to be the basic type of sex determination in man and 
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farm mammals, with the female the. homogametic sex (XX) and the 
male the heterogametic (XY). In poultry the situation is reversed 
the female being heterogametic and the male homogametic. In at least 
some mammals it has been demonstrated that parts of the X and Y 
chromosomes are homologous. Hereditary factors located in these 



Fio. 90. Diagram of nuclei of male and female germ colls in Drosophila, showing the kind 
of ova and kinds of spermatozoa produced 

portions are said to be partially sex-linked. Genes located in the non- 
homologous (sometimes called differential) segments are the sex-linked 
factors whose behavior in inheritance was discussed in Chap. IX. 

As indicated in Table 18, the two sexes are born in approximately 
equal numbers in most farm animals and in man. There are, however, 
small and statistically significant deviations from equality in most species. 


Table 18. Sex Ratios in Farm Mammals and Man* 


Animal 

Number of 
births studied 

Percentage of males 
in all births 

Number of 
studies 

Horse. 

1,249,337 

48.9-49 9 

6 

Mule. 

1,416 

44.3 

1 

Cattle. 

155,579 

49.4-51.5 

3 

Sheep. 

91,640 

49.5 

1 

Swine. 

74,639 

50 6-52.3 

3 

Goat. 

3,000 

50.1 

1 

Man. 


50.7-51.7 

several 


• Adapted from Lush, J. L.. "Animal Breeding Plans." p. 315. Collegiate Press. Inc., of Iowa State 
College. Ames. Iowa. (By permission of author and publisher.) 

Since many embryos die and are absorbed during gestation, the actual 
number born is not a correct record of fecundity, nor is the sex ratio at 
birth necessarily the same as at fertilization if there should be a differen¬ 
tial death rate between the two sexes. Both Hammond and Parkes have 
shown that in swine there is a preponderence of males at the earliest 
embryonic age at which sex can be accurately determined. However, in 
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this species the males are more liable to die during embryonic develop¬ 
ment, so that at the time of birth the sexes exist in approximately equal 
numbers. Other evidence indicates that in mammals generally there 
is a heavier fetal death toll in the male than in the female. The sex 
ratio at fertilization is called the primary sex ratio, while that at birth 
is called the secondary. 

If, as an overwhelming amount of evidence indicates, the chromosome 
theory of sex determination is basically correct, then either (1) Y-bearing 
sperm must fertilize more than half the ova, so that the primary sex 
ratio is well above 50 per cent, or (2) there is a differential death rate of 
female embryos during the period from fertilization until the sex of 
embryos can be determined. Experimental evidence is not available to 
indicate which of these two factors may be operative. Recent work has 
shown a heavy embryonic mortality during the period immediately 
following fertilization, but we have no way of knowing whether or not 
one sex is dying in greater numbers than the other. 

While the behavior of X and Y chromosomes are grossly correlated 
with sex, and for practical purposes in normal animals can be thought 
of as determining sex, evidence is available to indicate that the basic 
explanation is more involved. Furthermore, in the higher animals the 
actions of hormones influence the development of sexual characters. 

Theory of Genic Balance. Bridges, using a sex-linked gene for eye 
color in fruit flies, found that the cross of red-eyed males (RX Y) on white¬ 
eyed females (rX rX), which is expected to yield red-eyed females and 
white-eyed males exclusively, occasionally yields white-eyed females and 
red-eyed males. In checking the chromosomes of such aberrant off¬ 
spring microscopically, he found the white-eyed females to have the 
chromosome complex XXY and the red-eyed males to be XO. Appar¬ 
ently they resulted from the fact that in some females in the formation 
of germ cells the two X chromosomes had failed to separate following 
synapsis, with the result that they produced some eggs with two X 
chromosomes and some with none. From these eggs one should theo¬ 
retically get XXX, XXY, XO, and YO offspring. Apparently the first 
and last are usually nonviable. 

Further work utilizing individuals with aberrant behavior of the 
autosomes as well as sex chromosomes led to the generalization that in 
Drosophila X chromosomes influence the individual toward femaleness, 
while the autosomes influence the individual toward maleness. Thus in 
normal individuals those with two sets of autosomes (two members of 
each pair) and two X's are female, while those with two sets of autosomes 
and one X are males. Various combinations studied are shown in 
Table 19. Imbalances in the proportion of X chromosomes and auto¬ 
somes led to the production of individuals with an overdevelopment of 
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the characters of either the male or the female sex, and in some cases to 
the production of individuals with mixtures of the characteristics of the 
two sexes. These are termed intersexes. 





Fio. 91. Effect on sox of the balance between X chromosomes (solid) and autosomes (out¬ 
lined) in Drosophila. (Rearranged from .Sinno// and Dunn. Principles of Genetics.) 


The general principle of sex depending upon a balance of male- and 
female-producing hereditary factors has been confirmed in other species 
of insects. 


Table 19. Relation of Sex to Chromosomes in Drosophila melanogaster 


Sex type 

Formula 

m 

Ubm 

cm 

Sex index 

Superfemale. 

2.V . . . 3X:2 A 

300 

160 

1.88 


4N . . . 4X.4A 

400 

320 

1.25 

Female. 

3N . . . 3X:3/1 

300 

240 

1.25 


2N . . . 2X:2 A 

200 

160 

1.25 


IN . . . IX: M 

100 

80 

1.25 

Intersex. 

4N . . . 3X:-M 

300 

320 

0.94 


3N . . . 2X:3 A 

200 

240 

0.83 

Male. 

2N . . . IX:2/1 

100 

160 

0.63 


4N . . . 2 X:4A 

200 

320 

0.63 

Supermale. 

3N . . . IX:3A 

100 

240 

0.42 


It will be seen from Table 19 that a normal balance between autosomes 
and sex chromosomes 3 A and 3X or 2 A and 2X, etc., results in a female, 
whereas a preponderance of the X ingredient results in a superfemale 
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and a preponderance of the autosomal ingredient results in varying 
degrees of manifestations of maleness. 1 

If we represent the net effectiveness of the female tendency genes in the X by 
100, then we should represent the net male effectiveness of a set of autosomes 
by some lower number, approximately 80. In the 2X2A individual the ratio 
of female effectiveness to male effectiveness is 200:160, or 1.25:1. On this 
formulation an index of 1.25 corresponds to a normal female. As is indicated 
in Table 19, this same index of 1.25 holds for 3N individuals, for the ratio is 
300:240, or 1.25:1. The identity of sex indices for the 3N and 2 N forms corre¬ 
sponds to the observation that there seems to be no sexual difference between 
them. In the X2A individual the ratio is 100:160, or the sex-index is 0.63, that 
of the standard male. The sex-index of the 2X3A intersex is 0.83, intermediate 
between the 1.25 of femaleness and the 0.63 of maleness. 

Sexual Differentiation. If the genetic sex of the individual is deter¬ 
mined at the time of fertilization, it is obvious that the determiners or 
precursors of the eventual germ cells, sperm and ova, are present in the 
single-celled fertilized ovum, the zygote. It is equally obvious that 
these precursors must eventually find their way to the gonad primordia 
and must eventually form the germinal epithelium of either the testis or 
the ovary. The sexually indifferent gonads develop in the celomic 
epithelium on the dorsal wall of the abdomen anterior or laterally to the 
kidneys. As growth of the undifferentiated gonads takes place there 
are produced from the surface germinal epithelium the primary sex cords. 
These will later participate in the differentiation of both the ovary and 
the testis. There are also produced in the sexually indifferent stage both 
the Wolffian and Mullerian duct systems. In the genetic male, the 
accessory genital organs, such as the epididymis and the vas deferens, 
will be formed from the Wolffian ducts, and the Mullerian ducts will 
remain only as vestigial remnants. In the genetic female, the Mullerian 
ducts develop into the Fallopian tubes and the uterus, and only traces 
of the Wolffian system remain. 

Sexual Differentiation of the Male. In the genetic male the primary 
sex cords radiate into the gonad and form the seminiferous tubules. 
These tubules are lined with germinal epithelial cells, the spermatogonia, 
from which all sperm must eventually be formed. The Wolffian system 
differentiates into the epididymis and the vas deferens, and in mammals 
a pair of seminal vesicles is formed near the juncture of the vas deferens 
and the urethra. The urethra contributes to the formation of the 
prostate and Cowper’s glands. In males the Mullerian system atrophies, 

« Allen, E., Danporth, C. H., and Doisy, E. A., “Sex and Internal Secretions,” 
2d ed., pp. 40-42, The Williams & Wilkins Company, Baltimore, 1939. (Paper by 
C. B. Bridges.) 
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leaving only a few remnants such as the appendix testis and the uterus 
masculinus. 

Sexual Differentiation of the Female. In the genetic female the pri¬ 
mary sex cords produce a secondary proliferation called Pfliigers cords. 
The ovary is covered with a single layer of germinal epithelial cells and 
differentiates into an outer area called the cortex and an inner layer called 
medulla. The tubular genital organs, such as the Fallopian tubes, 
uterine horns, uterine body and cervix, and a portion of the vagina, are 
formed from the Mullerian ducts. The Wolffian system atrophies 
except for a few nonfunctional remnants such as Gartner’s ducts. 

Modified Sexual Differentiation. Among the lower forms of animal 
life hermaphroditism and sexual reversal or transformation are relatively 
common. In some ocean worms 90 per cent of the larvae which remain 
attached to the female are recognizable morphologically as males, and 
95 per cent of the larvae which develop on the ocean floor rather than in 
contact with the female appear to develop as normal females. Some 
types of worms develop first as males and under some environmental 
conditions may later undergo sexual reversal to males. 

The lamprey eel, a primitive vertebrate, is a functional hermaphrodite 
at the time of sexual maturity, and as an adult becomes either a male or a 
female. The common male toad possesses a Mullerian duct system and 
two rudimentary ovaries (Bidder’s organs). When both testes are 
removed, the rudimentary ovaries differentiate and produce functional 
ova, and the usual female genital organs are formed by hypertrophy of 
the Mullerian ducts. 

Two of the best-known types of sexual modification occur spontane¬ 
ously in farm animals—the freemartin in cattle and sex reversal of the 
genetic female in domestic fowl. 

In cattle, when twins of opposite sexes are produced, a very high 
proportion of the female calves have abnormal genital organs. These 
abnormal females are sterile and are called freemarlins. The male twins 
are normal and will reproduce when sexually mature. A small percent¬ 
age of the females have normal genitalia and will reproduce; these should 
not be designated as freemartins. The freemartin condition will not be 
regarded as perfectly explained until it can be produced experimentally, 
but the following explanation fits most of the known facts. The female 
twin will not be a freemartin unless the fetal membranes of both calves 
are fused, allowing the blood supply of the twins to mix. It is theorized 
that the developing male embryo produces sufficient androgen (male sex 
hormone) to affect the undifferentiated gonads and the Wolffian and 
Mullerian systems of the developing female. In the freemartin the 
external genitalia are of the female type, the vagina is present but greatly 
shortened, the gonads tend to resemble nonfunctional testes, the Fallopian 
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tubes and the uterus may be present in a rudimentary state, and there 
may be evidence of Wolffian-duct proliferation. The reduced length of 
the vagina is the best practical means of determining whether or not the 
young female twin is a possible freemartin. The depth of vagina of the 
suspect can be compared with that of a normal calf of similar age and 
breed by an experienced veterinary gynecologist. 

In the chicken the left ovary is normally the only functional gonad. 
The right ovary is rudimentary and should properly be referred to as the 
rudimentary gonad. When the left ovary is completely removed the right 
gonad often develops into a testislike structure, and both sperm and the 
androgenic hormone are formed, growth of the comb and spurs occurs, 
and the sexually reversed female may crow and behave like a male! 
This condition may develop spontaneously in chickens under normal 
farm conditions. Further experiments on endocrine modification of the 
sex of chickens will be referred to later. 

Endocrine Modification of Sexual Differentiation. The lower verte¬ 
brates, especially amphibia, are readily modified by certain endocrine 
treatments. In the common frog (Xenopus laevis) estrogen administra¬ 
tion to genetic males results in normal ovarian development and even 
to the production of normal oviducts. However, androgen administra¬ 
tion does not inhibit ovarian development in genetic females. It has 
recently been shown 1 that the exposure of genetic male frog larvae to 
weak solutions of estradiol produces normal phenotypic females. When 
these sex-reversed males are mated with normal males uniformly male 
offspring are produced. It was concluded that the male frogs of this 
species are the homogametic sex and that estrogen-induced sex reversal 
does not affect the male genetic make-up; it was hypothesized that this 
frog could be propagated exclusively with the genetic male, thus elimi¬ 
nating the need of the heterozygous female. 

Much that is known of the hormonal effects on sexual differentiation 
in the higher vertebrates is the result of experiments with the embryos 
of the chicken and of rodents, such as the rat, mouse, and guinea pig. 
The farm animals and man do not easily lend themselves to such studies. 
The administration of testosterone to the differentiating genetic female 
chick embryo produces sexual modification in the male direction. The 
normally rudimentary right gonad tends to become testislike, and the 
Wolffian-duct structures are retained. The administration of estrogens 
to the differentiating genetic male chick embryo results in the persistence 
of the Mullerian ducts and the development of an atypical left gonad 
which resembles an ovotestis. Complete sex reversal and the develop¬ 
ment of normal males or females from chicken embryos of the opposite 

1 Chang, C. Y., and Witschi, Emil. Breeding of Sex-revereed Males of Xenopus 
laevis Daudin, Proc. Soc. Ezpt. Biol, and Med., 89:150, 1955. 
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genetic sex have not been developed by the use of male or female sex 
hormones. 

Varying degrees of intersexuality have been produced in rodents 
with the sex hormones. The injection of androgens in differentiating 
genetic female rats and mice tends to produce retention of the Wolffian 
ducts and the accessory glands and stimulation of the clitoris. The 
treatment of differentiating genetic male rat embryos with estrogens 
results in retention of the Mullerian structures and inhibition of develop¬ 
ment of the Wolffian derivatives and the penis. 

Several studies have been made with the opossum in an attempt to 
reproduce the freemartin condition. The opossum was chosen because 
its young are delivered from the uterus after 12 or 13 days of pregnancy, 
at which time the gonads appear to be undifferentiated. The young 
pass from the uterus to the marsupial pouch, where they attach them¬ 
selves to nipples for a period of about two months. It is possible, there¬ 
fore, to administer various hormones directly to the individual young. 
In sexually undifferentiated opossums of either genetic sex the adminis¬ 
tration of either estrogens or androgens tends to stimulate both the 
Mullerian and Wolffian systems. Thus the sex-hormone-treated opos¬ 
sum tends toward intersexuality whether either estrogens or androgens 
are used. 

Although sexual modification can be readily produced by treatment 
of embryos at the proper time with the sex hormones, the results are 
still far from those produced in nature in the freemartin. The freemartin 
remains unique in that its gonads are modified in the male direction and 
in that the Mullerian ducts do not differentiate normally although the 
external genital structures are of the female type. 

Most geneticists and endocrinologists agree that in the higher verte¬ 
brates sex is determined by the genetic make-up of the individual. Vari¬ 
ous hormones can modify the degree of sexuality and may produce inter- 
sexuality by interfering with normal differentiation. The hormones are 
important chemical coordinators, but they appear to be of more physi¬ 
ologic importance in postnatal life than during embryonic differentiation. 
Differences in masculinity of farm animals, such as sexual drive in the 
bull and aggressiveness in the boar or ram, and differences in femininity, 
especially in mammary development of females, do have important 
endocrine relationships and should be considered in the selection of 
breeding stock. 

Conditions Influencing Sex Ratio. With sex evidently determined 
by the interaction of genes in the sex chromosomes and other genes in 
the autosomes, and with one sex or the other (varying in different species) 
being heterogametic, we would expect generally to find an equality of 
numbers between the sexes provided there is equality of numbers and 
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viability of the heterogametic sex cells, no selectivity between germ cells 
of the two types, and no differential embryonic mortality between the 
sexes. Nevertheless, the sex ratio is not always 1:1. Variations from 
the numerical equality of the sexes may conceivably be due either to 
genetic or to environmental causes. 

Genetic variations have been found in Drosophila. One of these 
variations behaves as a sex-linked and sex-limited-to-male gene that, 
when present in a male, either prevents the Y-bearing spermatozoa from 
being formed in numerical equality or else lowers their ability to reach 
and fertilize the egg, for the offspring of such males have 96 female: 
4 male offspring. Even in the homozygous form, it apparently produces 
no ill effect in the female. Various lethal and semilethal sex-linked 
mutants are known in Drosophila, some of which kill only the females, 
because the Y chromosome carries the normal allele. Lethals in the 
autosomes sometimes give rise to peculiar sex ratios. In some inter¬ 
specific crosses no males or a greatly reduced number is bom, in others the 
reduction comes in the females. 

Environmental conditions are also known that have an influence on 
the sex ratio. Seiler has shown that temperature affects the extrusion 
or retention of the X chromosome in a moth (Taeloporia lubulosa) in 
which the female is heterogametic. Season of breeding has been reported 
by many authors to have an effect on the sex ratio produced, as have 
also time of breeding during heat, age of parents, etc., but these conten¬ 
tions are not well supported. 

Effect of Selection on Sex Ratio. King’s work with the albino rat 
illustrates the way in which selection may influence the sex ratio. This 
investigator, starting with two pairs of rats from the same litter, inbred 
litter brother and sister for 25 generations. With no selection from a 
sex standpoint in the first six generations, the percentage of males was 
52.06 compared with a norm of 51.22. After the sixth generation, 
selection was made along two lines, viz., the A line taken from litters 
with an excess of males and the B line taken from litters with an excess 
of females. 

The sex ratios were as follows: 

Table 20. Sex Ratios in King's Inbred Rats 

Percentage 
of males 


A-line female X A-line males. 55.0 

B-Iine females X B-line males. 45.0 

A-line females X stock males. 53.6 

B-line females X stock males. 47.7 

Combined data for the two inbred lines.. 50.7 

8tock females X A-line males. 50.5* 

8tock females X B-line males. 49.0* 

• Not significant statistically, according to King. 
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These results indicate that the sex ratio may be changed by selection, 
inasmuch as the straight inbred lines A and B differ from the norm by 
approximately 10 per cent, respectively, but no wholly satisfactory 
explanation of the results has been devised. Miss King suggested that 
they might be due to differences in chemotactic attractions between ova 
and spermatozoa. Differential mortality rates between the two types 
of spermatozoa or the embryos arising from them might also be involved. 
Recent analysis of swine data indicates that inbred lines of swine differ 
significantly from each other in sex ratio.' 

Any livestock breeder can cite instances of certain individuals, both 
male and female, that have tended to produce offspring preponderantly 
of one or the other sex. We should not forget that even the most 
extreme variations from a 50:50 sex distribution are to be expected 
according to the laws of chance. 

Whether the tendency to produce more males or more females runs in 
families, i.e., has a genetic basis, has not been proved, and, if it were 
proved, the introduction of another male might lessen or reverse the 
tendency. A breeder is often faced with the practical problem of having 
a male that seems to sire a preponderance of male offspring, a bull that 
sires 16 bull calves in a row. Shall the breeder sell this animal and try 
again, or is the tide about to turn toward a sequence of heifer calves? 
There seems to be no categorical answer to this problem, and, as in so 
many other situations in breeding, the only method is that of trying, and 
the best answer that of experience. 

The possibility of sex control has long fascinated man, and if some 
method could be found of separating the two types of sperm or treating 
them in some manner leading to the inactivation or stimulation of one 
or the other type, sex control might well become possible. Methods 
tried for accomplishing this have included centrifugation, electrolysis, 
and various chemical treatments. None have thus far succeeded in 
controlling sex when tried in well-controlled experiments. The possi¬ 
bility of sex control in this fashion remains an intriguing possibility, 
however, and future work could well develop a successful method. 
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CHAPTER XIV 
LETHAL EFFECTS OF GENES 


Although wide anatomical and physiological differences occur within 
species, there is an eventual limit of deviation from the norm beyond 
which the organism cannot survive. Death of the organism may occur 
at any stage of development—immediately following fertilization, during 
embryonic differentiation, at parturition, or postnatally. Death may be 
due to a variety of causes, such as injury, disease, malnutrition, and 
harmful irradiations, such as X rays and gamma rays. We speak of any 
cause of death as a lethal effect. Among the many causes of death are 
gene changes which are incompatible with development or survival. 
These genes are known as lethal genes. There are some genes which are 
deleterious to the organism but not lethal provided environmental factors 
are especially favorable. These genes are called semilethals. There are 
undoubtedly many undetected lethal genes, but there are likewise many 
unexplained deaths due to environmental factors. 

Cause of Abnormalities. The development of a new individual from 
a tiny fertilized egg is one of the most interesting and complicated 
processes in all of nature. What any individual will eventually become 
is obviously dependent on both heredity and environment. Heredity 
provides the basic specifications; the environment, both internal and 
external, provides the wherewithal for fulfilling the specifications. When 
an organism succumbs before the usual time for its species, it is often 
exceedingly difficult to determine whether the cause of its early demise 
is hereditary or environmental, or perhaps often some combination of 
these. 

Hereditary or Environmental. 1 

When only a few defective individuals occur within a particular herd, it is 
often impossible to determine whether their occurrence is due to defective 
heredity, to defective nutrition, or merely to accidents of development. If the 
same abnormality occurs in any appreciable number of animals, however, it is 
probably due to either hereditary or nutritional deficiencies. A careful study 
is often necessary to determine which may be responsible. If the ration is defec¬ 
tive, it should be improved, not only from the standpoint of preventing such 

‘Warwick, E. J., Genet, and Anim. Breeding Bui. 189, Washington Experiment 
Station, Pullman, Washington. 
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deformities, but also since the results obtained will probably be enough better 
in other respects to more than pay for improving the ration. 

The following things would tend to indicate a hereditary defect: (1) If it had 
previously been reported as hereditary in the same breed of livestock. (2) If it 
occurred more frequently among near relatives than among animals not so 
closely related. (3) If it occurred where there had been inbreeding. (4) If it 
occurred more than one season when different rations had been fed. 

The following items of evidence might be taken as indicating that the abnor¬ 
mality was due to a nutritional deficiency: (1) If it occurred when the ration of 
the mother was known to be deficient. (2) If it disappeared when an improved 
ration was fed. (3) If it had previously been reliably reported to be due to a 
nutritional deficiency. 

It can thus be seen that each case will require special study, and it is well for 
the average farmer to seek the advice of his county agent or experiment-station 
worker in determining what his policy should be if such an abnormality occurs. 

Lethals Destroy Balance. All organisms are delicately balanced 
structures. For normal functioning a certain balance of hormones, 
proteins, minerals, sugars, etc., must be present in the blood stream. We 
might liken the various blood constituents to the links in a chain—if the 
links are of good steel, we have a dependable chain, but if even one link 
is of putty, the chain is worthless. If some tinkerer could get inside us 
and change the balance a bit—a little more or a little less sugar, or 
adrenaline, or what not, he in general would be unlikely thereby to increase 
our fitness, though in rare instances he might do so. If I should take 
the top off the calculator here on my table and loosen or tighten some of 
the screws therein or realign some of the mechanism, it is not at all likely 
that the machine would work any better; it would probably be ‘‘lethal” 
to the proper functioning of the machine. As yet little is known about 
the chemical structure of genes. They undoubtedly are very complex 
structures and are thought by some cytologists to consist of more 
than a million chemical atoms arranged spatially in very definite patterns. 
If these patterns become altered, the end result is different not only in 
itself but probably also in relation to its ultimate interactions with other 
genes. We have become acquainted with some of these changes, which 
are called mutations. For example, a gene which originally caused 
horns to develop may mutate so that it no longer produces horns. Lethals 
are simply mutations which result in the early death of their unfortunate 
possessors, and it is thought that most mutations are lethal. Many of 
them have been recorded in scientific literature. We shall discuss a few 
of the more important ones in each class of livestock. 

Artificial Insemination and Lethals. Lethals have always been both a 
puzzle and a source of economic loss to individual breeders. Their 
inheritance need no longer be puzzling, but the only way to prevent 
financial loss is to avoid bringing lethal genes into one’s herd, or, if they 



287 


LETHAL EFFECTS OF GENES 

make their appearance, to recognize them and take immediate steps to 
eliminate them. The problem, of course, takes on greatly added sig¬ 
nificance now that artificial breeding has become so widespread. In 
natural breeding, the fact that a sire carried a lethal and transmitted it 
to 5, 10, or 15 daughters would have been bad enough, but now that some 
of the bulls in artificial-breeding units sire as many as 50,000 daughters 
each, the problem is more serious. Since most lethals are recessive, they 
can best be discovered by using a male on 15 or 20 of his own daughters. 
If no serious abnormalities appear, it is fairly safe to assume that the 
male is not carrying and distributing lethal genes. Perhaps some pro¬ 
cedure of this sort may become necessary if artificial breeding increases 

in popularity. t , 

Most lethal genes are recessive. We can never, therefore, know when 
any recessive gene mutated to a lethal form because it cannot be mani¬ 
fested until two of these recessive lethals come together at fertilization. 



Fio. 92. Diagram of the CIB method for detecting induced lethals in Drosophila. 


The only way we discover the presence of a lethal gene is in the offspring. 
If a lethal gene were dominant, it would destroy its possessor, although 
this eventuality might be delayed until well after puberty, as in the case 
of Huntington’s chorea in the human. 

Natural and Induced Lethals. In some instances, such as the creeper 
condition in fowl or the Dexter condition (very short legs) in cattle, the 
lethal gene is what is called dominant or, better, semidominant. In these 
cases the double-recessive condition is normal, the heterozygous condi¬ 
tion evidences some departure from normal (creeper, Dexter, etc.), while 
individuals getting a double dose of the semidominant lethal gene die, 
thus giving 2:1 rather than 1 : 2:1 ratios, or even a 0:1 ratio as regards 
sex if the lethal gene is sex-linked, as in Muller’s CIB method in Dro¬ 
sophila. The CIB method was devised by Muller to study the rate of 
production of mutations by artificial means. Because most mutations 
are lethal, it was necessary to formulate a plan that would reveal their 
presence even though the organism were killed before hatching. To do 
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this Muller bred Drosophila which had the genes for crossover suppres¬ 
sion, a known recessive lethal, and bar eyes in one X chromosome and 
their alleles (nonsuppressor, normal, and round eyes) in the other X 
chromosome (CIB and cLb). These flies were bred to a male with non- 
suppressor, normal, and round-eye genes in its X chromosome ( cLb ). 

Before breeding, however, these males were subjected to X rays. 
From this cross, bar-eyed females (CIB and cLb) were selected and bred 
to normal, untreated cLb males. From this cross, half the males will die 
because their X chromosomes contain the original lethal gene (CIB). 



Fio. 93. A recessive form of Achondroplasia 
(Bulldog). This calf lived for three days. 
The white ball of hair covers a cartilaginous 
type of growth from the calf's forehead. 



Fio. 94. Bovine monster. Embryonic ab¬ 
normalities of this type are the exception 
rather than the rule. 


If the other males (cLb) also die, it shows that a new lethal mutation 
was produced by the X-ray treatment of the original male. The com¬ 
plete lack of grandsons, therefore, proves the artificial induction of a 
new lethal gene. 

It is evident, therefore, that except for sex-linked genes, both parents 
must supply the recessive lethal gene in order for the lethal quality to 
be evidenced. Sometimes gene changes result in something that does 
not destroy the embryo or the newborn but that so severely handicaps 
the individual that under normal conditions it would probably not 
survive very long and would be unlikely to leave any offspring. These 
are sometimes spoken of as delayed lelhals. A digital anomaly in cattle 
resulting in such soreness of front feet that the animal often walks on its 
front “knees” is a representative case. 

Several recessive lethals are known in cattle, viz., parrot-beaked 
(abnormal lower jaw; calves live only a few hours), amputated (calves 
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born dead with legs and lower jaw missing), short-spined (fused and 
compacted vertebrae), and hairless. Bulldog calves with greatly dished 
faces and very short legs are due to a dominant lethal similar to creeper 
in fowl, the heterozygotes being the short-legged Dexter cattle. Another 
type of bulldog in cattle behaves as a recessive. 

Other abnormal conditions that may be due to lethal genes include 
mummified calves, resorbed fetuses, ossified joints, and various types ot 
congenital dropsy. Other lethals in farm animals are known, e.g., 
paralyzed hind limbs in sheep and swine; thick forelimbs, closed anus 
hydrocephaly, and cleft palate in swine; and closed colon in horses. If 
an abnormal offspring is born, the lethal is made obvious. Such happen¬ 
ings are generally due to failure to reach full development; e.g., hair or 
limbs do not grow, palate, skull, or lips do not fuse in the mid-line; joints 
fail of full development, with fluid and pads between bones. Lethals 
that destroy the organism in early embryonic life with its subsequent 
resorption may pass unrecognized as sterility. Like most other muta¬ 
tions, the bulk of lethals are recessive and may remain hidden in a stock 
for many generations. For their total removal from a strain, test 
matings and rigid selection must be practiced. 

Many lethals of various sorts are known also in plants and in man. 
Through corrective medicine as practiced in the human, deleterious 
genes are probably becoming more numerous in our species. Lethals 
may kill the organism at any time, i.e ., during embryonic, fetal, or post¬ 
natal time; and, if the lethal gene is located on the sex chromosome, 
peculiar sex ratios will, of course, result. 

The following list of lethals is taken in large part from summaries by 
Eaton* and by Lerner , 2 together with some reported during the last 
ten years. 

Horses 

Atresia coli—closed colon. R 

Fredriksborg lethal—low fertility or sterility. ? 

Sex-linked lethal—shortage of males; sex-linked. R 

Epitheliogenesis imperfection—skin lacking on limbs.. ? 

Deformed forelimbs. R 

Umbilical hernia. ? 

Absence of eye orbits. ? 


Cattle 

Abnormal skull—nasal openings fused. 

Achondroplasia—bulldog: short legs and head; hernia; die and aborted 

fourth month.. 

Achondroplasia—bulldog: short head; cleft palate, deformed jaws; die 
soon. 


* Eaton, O. N., Jour. Hered., 28:320-326, 1937. 
•Lerner, M., Jour. Hered., 36:219-224, 1944. 
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Achondroplastic micromelia—abnormal lower jaw and short legs R 
Acroteriasis congenita-amputatcd; appendages short or absent. R 

Agnathia—lower jaw one-half length. r 

Agnathia—no lower jaw. . r 

Ankylosis—ossification of joints. r 

Atresia ani—closed anus. . r 

Congenital dropsy—water in tissues and cavities. 

Congenital spasms—head and neck spasms. r 

Deformed limbs—crooked legs and often ankylosis. r 

Dwarfism—latent lethal; seldom reach reproductive age. R 

Lpitheliogenesis imperfecta—imperfect skin, partly hairless; septicemia R 
Fetal resorption. j 

Flexed pasterns—hereditary, also nonhereditary. r 

Hernia cerebri—failure of frontal bones to fuse.’. 7 

Hydrocephalus—internal and bone abnormalities. R 

Hypotrichosis congenital—hairlcssness. r 

Impacted molars—short jaw, defective teeth; die within week. ? 

Lameness in hind limbs—calves unable to stand. R 

Missing phalanges—first and second phalanges missing .R 

Muscle contracture—head and legs drawn up; joints stiff. R 

Mummification—short, stiff neck; prominent joints; usually die as g- 
month fetus. r 

Prolonged gestation—for period up to 370 days; dam often dies too; 

double lethal. r 

Sex-linked lethal—shortage of males; sex-linked . R 

Short limbs—limb short, hoofs undeveloped. R 

Short spine—ribs and vertebrae fused, back bent. R 

Sheep 

Amputated—no claws on feet. 7 

Earless and cleft palate. r 

Lethal gray—in Turkanas and Karakuls. R 

Muscle contracture—usually stillborn. r 

Paralysis—hind parts paralyzed; live few days. R 

Skeletal defects—large head, short upper jaw, rigid fetlocks. R 

Swine 

Atresia ani—closed colon. 7 

Catlin mark—parietal or frontal bones not fused. R 

Cleft palate—young unable to nurse. R 

Hydrocephalus—water outside brain in subarachnoid spaces. R 

Legless—shoulder blades and pelvic bones but no limb buds or leg bones R 

Lobed ear—usually also cleft palate and deformed hind legs. R (probably) 

Muscle contracture—thick, stiff legs. R 

Paralysis—hind parts paralyzed. R 

Man 

Brachyphalangy—short middle phalanx second finger and toe; live 1 

year....... D 

Congenital ichthyosis—cracked, imperfect skin; live 3 days. R 

Glioma retinae—malignant tumor of retina. ? 

Icterus—jaundice; live 4 days to 3 1/2 years. ? 
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Infantile amaurotic idiocy—degeneration of cerebrospinal nerves; live 

2 or 3 years..... * 

Progressive spinal muscular atrophy—live a few years...... « 

Xeroderma pigmentosum—sensitive skin, scars, and carcinoma; live 12 


Nonlethal, Deleterious Conditions. In addition to the above-listed 
serious departures from normal which may result in early death, there 
is a host of minor abnormalities which may afflict our animals. Many 
of them are probably of a hereditary nature. Among them are parrot 
mouth, smooth tongue, ear defects, eye defects, winged shoulders, nar¬ 
row heart girth, narrow chest, weak loin, shallow body, sloping rump, 
wry tail, screw tail, no tail, sickel-hocked, cow-hocked, bowed pasterns, 
weak pasterns, polydactylism, syn¬ 
dactylism, split toes, sparse hair, 
curly hair. Some of these abnor¬ 
malities may be caused primarily 
by heredity, others by the envi¬ 
ronment, many by both. Down 
through the ages the various types 
of animals best fitted to perform 
their respective functions have been 
evolved. The breeder will be well 
advised to stick fairly close to ac¬ 
cepted type and to try to keep the 
germ plasm in his herd as free as 
possible of both lethal and nonle¬ 
thal but deleterious genes. 

Finally we shall discuss very 
briefly some of the psychological 
hexes that still puzzle many live¬ 
stock breeders. 

Acquired Characters. This topic 
has been one of the historic battle¬ 
grounds of biology. Speaking gen¬ 
erally, things that happen to the 
soma, either favorably or unfavorably, do not in any way alter the genes, 
where reside the potentialities for future generations. Perhaps animals 
should be provided with the best possible environments so that their 
inherent excellencies may have full opportunity of development. Envi¬ 
ronment does permit (or prohibit) the development of existing poten¬ 
tialities but in general it does not alter the genes. 

Atavism or Reversion. The terms atavism and reversion , meaning 
the reappearance of some ancestral trait or character after a skip of 



Fig. 95. A screw-tail condition in a Holstein 
cow. None of this cow's offspring have ex¬ 
hibited this condition. 
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one or several generations, are often encountered in the older literature 
on animal breeding. Such reappearances were more or less mysterious 
before the physical basis of heredity was understood. The birth of a 
red Angus when the past few generations have been black is known to 
be due to each parent’s supplying the gene for red. Recessives may be 
carried along, hidden by dominants, for any number of generations. 
Whenever two recessives come together, or, in other words, whenever 
the dominant gene is lacking, the “atavistic” character will be evident. 
Atavism or reversion is the sudden reappearance of some ancestral trait 
but there is nothing mysterious about it, for it is one of the normal 
manifestations of the hereditary mechanism. 

Congenital Conditions. The term congenital is often used to describe 
qualities that an animal shows evidence of having when it is bom—natal 
conditions. Some people apparently have the notion that everything 
that is evident when an animal is born is due to heredity. This is not so. 
The organism has lived for several months before it is bom, and we know 
that numerous embryologic and fetal abnormalities may occur. When 
an animal is bom with an abnormality, the abnormality may be due to 
heredity or it may be due to some unfortunate occurrence during pre¬ 
natal development that had nothing whatsoever to do with chromosomes 
and genes. We should therefore be a little cautious in assuming that 
anything manifest at birth is necessarily hereditary. 

Maternal Impressions. Belief in maternal impressions assumes that 
what a pregnant mother sees, hears, or experiences may influence her 
offspring. In general, this old belief can be repudiated also, because, as 
Marshall points out, if it were true, all calves bom in the spring up north 
would tend to be white because the mothers have viewed a white land¬ 
scape all winter, and, similarly, calves bom in the fall would be green. 
There is no direct nerve connection between parent and offspring to 
afford means for transporting the effects of experiences. Animal experi¬ 
ments have all given negative results in this field. It is indeed a fortu¬ 
nate provision of nature that in the higher animals the embryo is so well 
protected from all external influences. If maternal impressions were 
actually registered on the offspring, all types and races would have long 
ago become a hideous conglomerate mess. 

Nicking. Since the final expression of most of the valuable qualities 
of our animals probably depends upon the actions and interactions of 
many genes, it would seem to follow that certain matings might be 
expected to give better results than others. This, however, has been 
hard to prove statistically. The term nick is used to sum up in a general 
way the results, good or bad, of one or several matings. If a mating 
of animal A and animal B has given a particularly good offspring, breeders 
say they “nicked” well; of course, they could have nicked poorly. The 
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term is more often applied to good nicks, and it generally implies that the 
mating turned out better than one would have expected. From the 
nature of the hereditary process this is not surprising. Heredity means 
adding 1/2 from sire to 1/2 from dam. This generally equals 1, but, 
speaking generally, sometimes in breeding 1/2 + 1/2 =1 + ; sometimes, 
of course, it equals 1 — . Sires sometimes give better offspring out of 
daughters of sire A than out of daughters of sire B or C. Much of this, 
of course, could be due to epistatic effects. 

The idea of nicking is often abused by people saying that family X 
in a certain breed never nicks well with family Y. “Never” is a broad 
term. Some particular mating of X’s and Y’s may have given poor 
results, but that does not necessarily mean that all matings between 
animals of families X and Y are going to result in poor offspring. If we 
know of many such matings that have yielded poor results, perhaps we 
should be wary or, better, we should be wary all the time in matters of 
breeding. 

Open Herd Books. The qualities of our animals depend basically 
upon the make-up of the genes and chromosomes in the germ cells. 
Through selection we hope to improve the qualities of our animals. 
What that actually means, of course, is that we hope to increase the 
proportion of good genes in our stock and decrease the proportion of poor 
ones. Most of our breeds are capable of great change. There are 
probably enough genes for fattening in all our dairy breeds so that we 
could, if it were advantageous, make these breeds over into beef cattle, 
and vice versa. How fast we could do that, of course, would depend 
primarily on what proportion of the desired genes is present in our 
animals. If we desire some particular quality in our stock the genes for 
which are now lacking, there would be no other alternative for us but to 
introduce those genes from some other source that now has them. We 
know of no way to alter the genes favorably. All we do as breeders is 
to re-sort old genes and gene combinations into new combinations. 

From time to time in the past there has been agitation in most of the 
pure breeds for the registration of desirable high grades. Columbia 
sheep and Santa Gertrudis cattle with four top crosses can be registered. 
One dairy breed has instituted a plan for registering aniipals produced 
by three top crosses to bulls of that particular breed with the successive 
generations of animals meeting certain production and type require¬ 
ments. Since inheritance is a halving process, there would be only 
about 3 per cent of inheritance on the average still left in an animal from 
a great-great-granddam. Here, again, probably more is anticipated 
than will be derived because of the halving nature of inheritance. The 
really odd thing about this program of admitting grades to purebred 
status if they can get over certain hurdles of type and production, lies in 
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the fact that no production or type hurdles are set up before the pure¬ 
bred. A breed could go ahead 100 or 1,000 times faster if it set up type 
and performance hurdles in front of its purebreds than it ever could by 
setting up hurdles in front of what few grade animals it might ultimately 
admit to registration. 

Persistency. Some cattle breeders believe that if a heifer is not 
milked for 10 months or a year in her first lactation, she may not be very 
persistent thereafter. Often that is true, but it is not because the heifer 
was milked for a short period but because the heifer inherited a lack of 
persistency, and, unfortunately, is likely to pass it on to her offspring. 
Whether a heifer is going to be persistent or not in later lactations depends 
more on her genetic make-up and the way she is fed and handled than 
it does on whether she is milked 6 or 12 months in her first lactation. 

Prepotency. The term prepotency is often used in rather a loose 
fashion and is applied generally to males. It is often thought to be 
associated with the general characteristic of vigor, especially masculinity. 
The term really means the ability of an animal, male or female, to stamp 
its own characteristics on its offspring. For instance, the Hereford bulls 
used on the grade cattle of the range generally put white faces on all the 
offspring of such matings. If a Hereford-Angus cross is made, however, 
a white-faced, black-bodied 1 polled individual is produced, and the ques¬ 
tion arises as to which animal is prepotent. Some will say the Hereford 
because of the white face on the offspring. Others will say the Angus 
because of the polled characteristic and black body. The truth is, 
however, that one is not justified in speaking of either animal as being 
prepotent. The animal is not prepotent; the various characteristics that 
the animal exhibits may or may not be prepotent. In this case, polled- 
ness of the Angus, white face of the Hereford, and black body color of 
the Angus are each prepotent. The same results would be secured no 
matter which one of the breeds in the above cross was selected as the 
male and which one as the female and also regardless of vigor. Graphi¬ 
cally the results in regard to these three characters and with the dominant 
characters italicized might be represented as follows: 


pp horned j 

Angus WW white face > Hereford 

bb red body j 

- >PwB pWb* -1 

PpWwBb 

polled , white-faced , black-bodied crossbred 


PP polled 
ww black face 
BB black body 


1 The Angus might be heterozygous for color and therefore give rise to a red-bodied 
calf. 
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It is not enough, however, to say that certain characters are prepotent. 
When the above crossbred produces spermatozoa or ova, as the case 
may be, the factors will separate and recombine into all the possible 
combinations, reduction taking place at the same time, so that ova or 
spermatozoa of the following make-up are produced: PWB, PWb, PwB, 
Pwb, pWB, pwB, pH’6, pwb. If one of the above crossbreds is mated to a 
Hereford pure for horns, white face, and red body, or ppWWbb, and 
hence capable of producing only pWb spermatozoa or ova, calves will 
result 50 per cent of which will be horned and 50 per cent of which will 
be red-bodied. Thus, the characters which are fully prepotent in the 
purebred, viz., polledness and black body, cease to be fully prepotent 
in the crossbred, because the crossbred produces more than one kind of 
reproductive cell; actually it produces eight different kinds as to the 
three characteristics of horns, face color, and body color. The above 
characters are simple in their nature, being controlled specifically by 
one factor, although many other factors may be involved. According 
to Wright: 

Most characteristics probably depend on a large number of hereditary units, 
but nevertheless the nature of prepotency is believed to be essentially the same. 
So far as there is prepotency, it is a property of characteristics (or really of the 
hereditary units back of the characteristics), not of individuals, breeds, or sexes, 
and whatever the characteristics, there can be no prepotency unless the individual 
produces only one kind of reproductive cell so far as it is concerned. 

Technically, prepotency depends upon the character being dominant 
and the individual being homozygous; t.e., the individual must carry A A 
in its chromosomes, not Aa or aa. The more prepotent an individual is, 
the less the probability of variation, good or bad. 

A prepotent animal will have offspring that closely resemble it, but 
whether or not these offspring are themselves prepotent will depend 
on what genes they got from their other parent. If they have many 
homozygous dominant gene pairs, they will be prepotent. An animal is 
seen, therefore, to be unable to transmit its own prepotency because it 
contributes but one-half of its total inheritance to any of its offspring. 

Neither individuality nor pedigree are very reliable prognosticators of 
prepotency. The best measure of prepotency is probably the coefficient 
of inbreeding, and the only way to increase prepotency is by inbreeding, 
which is discussed in Chap. XV. 

Selective Registration. Some foreign countries have developed forms 
of selective registration based in some instances on actual performance. 
In this country we have never had anything of this sort, except possibly 
for Standardbred horses, for which there used to be a minimum speed 
requirement for registration. Some of the breeds in recent years have 
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been moving toward selective registration and may eventually adopt 
more rigid standards for registration. The Jersey breed several years 
ago devised a “star bull” program whereby only young bull calves mak¬ 
ing a certain “star” rating could be registered (number of stars depend¬ 
ing on the production and type of their more immediate ancestors). 
When this was adopted, it was made mandatory and no Jersey bull 
calves could be registered unless they met certain minimum requirements. 
The compulsory angles of the program were discontinued after two years 
and it was made voluntary. The Jersey breed also has a program of 
selective registration for bull calves whose sire and or dam meet certain 
production or type requirements. 

The Ayrshire breed has two categories for registered bull calves, pre¬ 
ferred and selected, on the basis of accomplishments of the more imme¬ 
diate ancestors. This plan is going nicely, and there is evidence that 
the preferred bull calves do eventually transmit better than the selected or 
the undesignated. The Holstein breed has a somewhat similar program. 

To be most effective, selective registration should be denied animals 
until they have proved their ability to transmit desirable traits. No 
simple scheme applicable to a country as large as the United States has 
as yet been proposed; but even the discussions and arguments concerning 
the necessity or desirability of selective registration, help call breeders’ 
attention to the matter of trying to obtain assurance that the animals 
they select will prove desirable and able to transmit their desirable 
qualities. 

Telegony. Telegony may be illustrated by the more or less common 
belief that, after a female has borne young by a certain male, her subse¬ 
quent offspring will show characteristics derived from the previous sire. 
The classic example is that of a mare which.bore offspring by a quagga 
and later produced horse colts that showed some striping. Numerous 
attempts have been made to confirm this by crossing mares and zebras, 
but in all cases they have failed. The basic elements that determine 
the characters of any individual are the ovum and the spermatozoon 
that unite to produce it. Spermatozoa from one service could not possi¬ 
bly live through a gestation period in the female organs of any higher 
species to fertilize some future ovum, for a spermatozoon lives a very 
few days at the most. If this first offspring had any influence on other 
undeveloped ova in the ovaries, it would come under the heading of the 
inheritance of acquired characters, for which there is no conclusive proof. 
Mumford and Hutchinson made investigations in the mule-breeding 
district of Missouri, where mares often bear mule and later horse colts, 
but could find nothing to substantiate telegony. In the light of our 
present knowledge of inheritance, there is neither an experimental nor a 
theoretical basis for telegony. 



SECTION III 

Breeding Systems and Selection 


CHAPTER XV 

SYSTEMS OF BREEDING—RELATED ANIMALS 


The reader has had the opportunity in earlier sections of this book to 
become acquainted with the mechanisms of reproduction and the prin¬ 
ciples of hereditary transmission. We referred to these as the sciences 
underlying the b reeding of better liv estock. We are now ready to study 
the application of these sciences to the development of more productive 
livestock. This is often called the art of breeding —an art that is coming 
to depend more and more on scientific advances in the field. The science 
of animal breeding is a dynamic and a growing one. The authors are 
fully aware that developments of even the next few years may render 
today's survey of the field obsolete. We hope this occurs. 

Potentially, the stockman can approach his task of improving animal 
productivity in two ways. The first approach, not a genetic one, is 
through modifying the environment. This, in its simplest aspects, con¬ 
sists of feeding, management, and disease control. No stockman can 
afford to neglect this approach. Improvements in feeds, management, 
and disease control often bring immediate and dramatic improvements 
in animal productivity—sometimes even tending to eclipse entirely the 
slower and less spectacular results of hereditary changes. It must be 
remembered, however, that such advances are temporary in the sense 
that livestock immediately reverts to its previous less productive state 
if the new and improved methods are not followed year after year or 
generation after generation. 

The second approach to animal improvement is through modifying 
the genotypes of the populations of farm animals with which we work. 
Genetic gains tend to be permanent once proper application is made of 
the “tools" of selection and breeding systems —the subject matter for the 
remaining section of this book. For purposes of discussion, we shall 
separate these two, although actually this cannot be done because every 
selection of parents for the next generation and every mating necessarily 
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involve some system of breeding. This and the subsequent chapters 
will deal with systems of breeding. The concluding five chapters will be 
devoted to that most important item of all in breeding better livestock, 
namely, selection. 

Neither selection nor systems of breeding can create new genes. They 
can, if properly applied, create new and better animals by putting the 
old genes into new patterns or more useful combinations. No system of 
breeding can be guaranteed to be successful (at least during a normal 
human lifetime), nor is any system of breeding foreordained to complete 
failure provided selection is directed to the proper goals. Since the 
various systems of breeding simply sort old genes into new patterns, 
their success or failure depends in large part upon the hereditary poten¬ 
tial, i.e.y upon the proportion of potentially useful genes present in the 
foundation animals to which the chosen system of breeding is applied. 

Genes not present in a population can sometimes be found in other 
strains or breeds of animals and introduced through crosses. This is 
often the most feasible method of improving certain characters; it has 
been widely exploited by plant breeders. Unfortunately, rules of most 
established pure breeds prohibit the practice. Although mutations are 
far too rare to be depended upon as a source of new genetic variation, 
every effort should be made to preserve and utilize a favorable mutation 
if one should occur. The development of polled strains of normally 
horned breeds of cattle and sheep has been based on this principle. 

For any particular set of circumstances one particular breeding system 
generally will have a greater probability of accomplishing the goals of 
the breeder than will any other system. Each breeding system is par¬ 
ticularly useful under specific conditions especially favorable to its 
success. Our purpose in discussing breeding systems is to review the 
pertinent research work and draw such conclusions as appear to be 
justified by experimental evidence. 

Objectives of Animal Breeders. Livestock breeders are grouped into 
two broad categories: (1) those that produce seed stock, especially sires, 
for use by commercial producters. and (2) those that produce animals 
for the livestock market. The objectives of the two differ widely. 

Breeders engaged in the production of breeding or seed stock for sale 
to commercial producers have the objective of developing animals whose 
progeny in commercial herds will be uniformly highly productive. This 
means the sale of breeding animals whose breeding behavior is predict¬ 
able and uniformly good when properly used. The individual perform¬ 
ance and excellence of the animals sold is distinctly a secondary consider¬ 
ation—an animal’s own performance being important only in so far as 
it is an indicator of its probable breeding value. 

The commercial producer is interested in raising animals that bring 
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in maximum returns per unit of feed, labor, and equipment invested in 
their production. This means that individual excellence and productiv¬ 
ity are of paramount importance. Since almost all successful commercial 
operations produce their own replacement females, it is essential that the 
females saved from the current generation should, when mated to suitable 
males from seed-stock herds, maintain high productivity in the next 
generation. Beyond this the commercial producer has no interest in the 
breeding qualities of the animals he produces. 

Traditionally, animal breeders from the time of Bakewell have 
depended upon the dictum of “mating like to like” as the basis for 
progress. Under this philosophy both seed-stock and commercial pro¬ 
ducers have usually followed the same basic procedures—breeding the 
best available males to the best available females within purebred or 
grade herds of a given breed. In theory at least, seed-stock producers 
should be in a position to outbid commercial men for the most desirable 
sires available and thus maintain genetically superior herds. 

Selection has been effective in the past. It is still of prime importance 
in livestock breeding, and so far as can be determined today, the most 
productive individuals and families within breeds, herds, or inbred lines 
should be selected and used for breeding, regardless of the breeding 
system followed. 

Experimental work is rapidly leading to revisions of past theories on 
preferences among breeding systems for the two types of breeders. It 
appears that the seed-stock-producing herds will place increased emphasis 
on (1) use of performance-testing procedures to find genetically superior 
individuals and strains within breeds, (2) intense selection for perform¬ 
ance traits both within existing breeds and among progeny of breed 
crosses for the purpose of increasing the frequency of desirable genes, 
and (3) the formation and maintenance of lines built around superior 
individuals, with culling of inferior lines being used as an important 
selection tool. Performance testing will be especially useful for highly 
hereditary traits, while the formation of lines will be most useful for less 
hereditary characters. 

The formation of lines must of necessity involve some degree of 
inbreeding. The present emphasis on individual excellence of animals 
in seed-stock herds is likely to be superseded by emphasis on breeding 
performance when used in other herds. 

Recommended procedures for commercial herds are resulting in 
increased emphasis on exploiting the phenomenon of hybrid vigor 
through crossing breeds, strains, or inbred lines, particularly in species 
with high reproductive rates. Procedures for selecting replacement 
females in these herds should be much the same as those used in seed- 
stock herds. 
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Thus it can be seen that systems of mating involving related animals 
have specific application mostly in seed-stock herds. Crossbreeding, 
linecrossing, and hybridization have particular application to commercial 
herds. Selection procedures are important to herds of both types. 

Relationship. The mating of males and females that are related is 
termed inbreeding. The intensity of inbreeding depends upon the degree 
of relationship between the animals mated. In animal-breeding practice 
we ordinarily consider individuals to be related only if they have one or 
more ancestors in common in the first four to six generations of their 
pedigrees. 

In a technical biological sense, being related means that animals have 
one or more ancestors in common. Actually any two animals in a breed 
are usually related in this sense. If you took a pair of Holsteins, Here- 
fords, Hampshires, or Hackneys and traced their pedigrees far enough 
back, you would find that they had some common 1 ancestors. This is 
due to the fact that the number of individuals in any pedigree doubles 
with each generation (that is, two parents, four grandparents, eight 
great-grandparents, etc.). 

Applying the same principles to the human family, we might be sur¬ 
prised at the duplications in each of our pedigrees if we could trace them 
back to the time of Christ. Allowing an average of 28 years per genera¬ 
tion, we find that we are more than 69 generations removed from that 
historic period. Since the number of ancestors doubles at each genera¬ 
tion, there would be a total of 2 M , or about 600,000,000,000,000,000 
individuals in each of our pedigrees in the single generation around 
a.d. 1. It is obvious that that many people were not alive at that time 
(there are more people in the world now than ever before, nearly 2 1/2 
billion). Thus, the same individuals must have occurred many times 
in that and other generations of each of our pedigrees. All our pedigrees 
would doubtless show many ancestors in common. 

Obviously, too, in a relatively few generations the number of ancestors 
in the pedigree of any farm animal is greater than the total number of 
animals alive in the breed at that time. For example, the twentieth 
generation of a pedigree contains over two million individuals. Thus, 
in a broad sense, all the animals in a breed are related. In farm animals, 
however, we use the term related in a more restricted sense to mean that 
the animals mated are more closely related than average animals of their 
breed. This usually means that there are common ancestors in the first 
four to six generations of their pedigrees. If two animals had an ancestor 
in common in the tenth generation, that common ancestor’s inheritance 
would have been halved ten times in getting down through the ten genera¬ 
tions to each of the animals in question. Obviously after ten halvings 

1 The word “common,” as used in this connection, merely means shared and in no 
sense implies that the ancestor in question was ordinary or inferior. 



301 


SYSTEMS OF BREEDING—RELATED ANIMALS 

of that remote ancestor’s heredity, the two animals would be little alike 
because of the remote common ancestor. But if, for example, the shared 
ancestor is only two generations removed, his inheritance has been 
halved only twice in getting to each of them. 

The terms relationship and coefficient of relationship, as used in animal 
breeding, are defined as the similarity of genotypes. Two animals no 
nearer related than the average of their breed have a relationship of 0. 
At the other extreme, two animals with exactly similar genotypes have a 
relationship of 100; they are alike in 100 per cent of their genes. In farm 
animals this condition will be found only in identical twins. Very few 
lines of farm animals are inbred highly enough that relationships of 
100 per cent between animals in the line are approached. In statistical 
terms the coefficient of relationship is a measure of the correlation of 

genotypes. . 

Measurement of Relationship. The system used for measuring degree 
of relationship and inbreeding was worked out by Wright (1922) and is 
applicable to any regular or irregular mating system. The key to meas¬ 
uring relationship is the number of generations 

between the two animals being studied and their { I 

common ancestor or ancestors. | B | Y 

The first step in computing a relationship co- a l Z' 

efficient consists of counting the number of gen- Fio. 96. Pedigrees of alt¬ 
erations intervening between some common an- w,th common Rrand ' 
cestor and the two descendants in question. As 

a first easy illustration of the method let us make pedigrees of the state¬ 
ment in an earlier paragraph in which we said that “the common ances¬ 
tor is only two generations away from the two animals.” 

In Fig. 96 animal C is a grandsire of both A and Z. In other words, 
A and Z are more closely related than average animals of their breed 
because they have an ancestor in common close up in their pedigrees. 
To find their degree of relationship (because of common grandsire C) we 
count the generations from C to A, which is 2, and from C to Z, also 2. 
Heredity is a halving process, so we see that C’s inheritance has been 
halved twice in getting to A and twice in getting to Z; in short, it has been 
halved a total of 4 times. So the relationship of A and Z is C’s inherit¬ 
ance halved 4 times, or (1/2) 4 , which is 1/2 X 1/2 X 1/2 X 1/2, or 
1/16, or 6 1/4 per cent. The relationship between A and Z is 6 1/4 per 
cent. This simply means that about 6 per cent more of A’s and Z’s 
genes are similar than would be the case with average animals of their 
breed. This is true since they both got genes from the same grandsire C. 
Technically this is expressed as follows: 

geoeraliona C to A 
ion* C to Z 


or 


1 2 g« aerati 
2 general! 

Raz = (1/2) 4 , or 6 1/4 per cent 
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This formula is often written 


Raz = (1/2)"+"' 

The n in the formula means the number of generations between the 
common ancestor and one animal, and n' means the number of genera¬ 
tions between the common ancestor and the other animal. Add n 
and n' and multiply 1/2 by itself that many times and you will have the 
degree of relationship between the two animals due to this particular 
common ancestor. 

The foregoing example showed the relationship of animals that are 
related because they are descendants of some of the same animals. A and 
Z were half first cousins since they had one grandparent in common. 
The relationship of animals (or people) with two grandparents in com¬ 
mon is 12 1/2 per cent. These animals are termed single first cousins. 
Such relationships are called collateral. The other possible type of 
relationship occurs between individuals when one is a descendant of the 
other. This is called direct relationship. 


You 


A {d 

Your father 

B 


Your cousin 


Z 

Your uncle 




Fio. 97. Schematic pedigrees to show cousin relationship (collateral). 


Since half the genes of any animal come from his sire and half from his 
dam, any offspring is 50 per cent related to each parent. Since each 
parent in turn received half his genes from his sire and half from his dam, 



/C 

Your father A ( 
\D 


Fio. 98. Schematic pedigrees to show father-and-son relationship (direct). 


and since a sample half is transmitted to each offspring, 25 per cent of the 
genes of any animal originally came from each grandparent. Thus, on 
the average, an animal is 25 per cent related to each of his grandparents. 

Direct relationship is expressed in the relationship formula by letting 
n = 0, since there are zero generations from an animal to himself. In 
Fig. 96 the relationship of A and B is expressed: 


Rab = (l/2) a + l , or 50 per cent 
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The relationship of A and C is 

Rac = (1/2)"*, or 25 per cent 

Breeders often express relationship in terms of the percentage of “ blood. 

“ Blood ” is put in quotation marks here because blood as such does not 
function in inheritance. Each embryo produces its own blood, and no 
blood passes directly from parent to offspring. Therefore, as commonly 
used, the term “blood” is a colloquialism for inheritance. 

Percentage of inheritance from a given source is a satisfactory measure 
of direct relationship. You received 50 per cent of your hereditary 
material from your father, and, as we have seen, you are 50 per cent 
related to him, since one-half your genes came from him. 

Percentage of hereditary material from a given source is not a satis¬ 
factory measure of collateral relationship. Full brothers having the same 
sire and dam would be said to have 100 per cent the same blood, but 
actually they have only 50 per cent of their genes in common and are 
therefore only 50 per cent related. 

Similarly, two individuals with the same four grandparents but differ¬ 
ent parents have 100 per cent the same source of hereditary material but 
are only 25 per cent related. In human families individuals related in 
this fashion are termed double first cousins. 

Purebred sales catalogues sometimes contain statements such as 
“ ... a 100 per cent brother in blood to ... ” Usually this means 
that the two animals descend from the same grandparents or great- 
grandparents. Such statements should not be construed to mean 100 
per cent related. 

The discrepancy between relationship and percentage of hereditary 
material from a given source in collaterally related animals is due to 
the fact that each offspring gets only a sample half of each parent’s genes. 
As a more complete explanation consider the following example: 

Y fS (/la) 1 pair of genes v JS (Aa) 

X \D \D 

Fio. 99. Schematic pedigrees of two full brothers. 

Assume that X and Y are full brothers whose sire S is heterozygous 
for a pair of genes Aa (Fig. 99). X might get A or a from S. Likewise, 
Y has a 50 per cent chance of getting A and a 50 per cent chance of 
getting a. With the 1/2 chance each animal has of getting A, the 
probability of both X and Y getting A from S is 1/2 X 1/2 = 1/4. 
Similarly, in 1/4 of the cases both could be expected to get a from S. 
Thus in 1/4 + 1/4 = 1/2 of the cases X and Y would get the same gene 
from S. The same is true of genes from the mother. Since one-half 
the genes of each son come from the sire and one-half from the dam, 
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X and Y have on the average 1/2 X 1/2 = 1/4 of their genes as dupli¬ 
cates from their dam. In total then they have only 1/2 of the genes 
at loci which are segregating in common. They are only 50 per cent 
related in spite of having 100 per cent of their genes from common 
sources. 


X 


s 

D 




A 

B 

C 

D 



A 

B 

C 

D 


Same pedigrees put in arrow style: 



Fio. 100. Bracket and arrow-type pedigree. 


In more complicated pedigrees than those considered thus far it is 
often convenient to set the pedigree up in the “arrow” style rather than 
in the conventional bracket form if relationships are being studied. 
Conventional pedigrees of brother and sister X and Y are shown in 
Fig. 100. In the arrow style each common ancestor is included only 
once, with lines drawn from him to each of his (or her) offspring in 
the pedigree. These lines represent the paths by which genes can be 
transmitted. 

Calculation of the relationship of X and Y (Fig. 100) is somewhat 
more complicated than in the previous examples because X and Y have 
two common ancestors, S and D. When there are two or more common 
ancestors the contributions of each are added to arrive at the complete 
coefficient of relationship. In such cases it is convenient to set up the 
calculations as in Table 21. 


Table 21. Relationship of X and Y 


Common 

ancestor 

n 

n' 

Contribution 

S 

1 

1 

(l/2) ,+l = (1/2)* - 0.25 

D 

1 

1 

(l/2) ,+l = (1/2)* - 0.25 




Sum =0.50 


Thus X and Y have 0.5 of their genes in common and are related 
50 per cent. You can readily calculate the relationship of half-brothers 
as 25 per cent. In the above example you may wonder why A, B, C, 
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and D were not considered as common ancestors of X and Y. The 
answer is that they make their contributions only through S or D, not 
through both. For example, the only way A is an ancestor of both 
X and Y is through S, and in including S as a common ancestor we 
automatically take care of A’s contributions. If A had been an ancestor 
of both S and D, we would have included him as a common ancestor, 
since he could have contributed the same genes to X and Y through both 
S and D. Setting a pedigree up in the arrow style helps in tracing the 
paths and determining which ancestors should be included in calculating 

relationships. # . 

Although we have limited ourselves to simple cases, the examples 
illustrate the principles of calculating relationships except for cases in 
which the common ancestor is inbred, and thus more homozygous and 
more likely to transmit the same gene to all offspring. r I he necessary 
adjustment to take care of this in the relationship formula will be consid¬ 
ered after we have discussed the calculation of the intensity of inbreeding. 

Coefficient of Inbreeding. As will be discussed in more detail later, 
the basic biological effect of inbreeding is to decrease heterozygosity and 
increase homozygosity. The coefficient of inbreeding estimates the degree 
of this effect and is defined as the average percentage decrease in hetero¬ 
zygosity in the animal to which it applies in relation to average animals 
of the same breed among the foundation stock in the most remote genera¬ 
tion of the pedigree being studied. 

We said earlier that inbreeding was the mating of related 
animals. Now if, in the first example we considered in 
discussing relationship (Fig. 96), A was a male and Z was 
a female and they were mated, their offspring would, by 
definition, be inbred since the parents are related. See 
Fig. 101. 

How much is X inbred—what is his coefficient of in- 
breeding? We can determine the inbreeding of an indi¬ 
vidual by finding the relationship of its parents and divid¬ 
ing by 2. Another way is to count the number of times 
the genetic material has been halved in getting from each 
common ancestor (this is n + n' in the relationship for- f g ‘°; 101 8 h o ^ ‘ 
mula) to the parents of the inbred animal, and then adding inbreeding. 

1 to the exponent of 1/2 to take care of the additional 
halving in getting from the sire and dam to the inbred offspring. All we 
have to do in this case is to raise 1/2 to one greater power—to 5 instead 
of 4—because C’s inheritance has been halved once more in getting from 
A and Z to X. The basic formula for the coefficient of inbreeding is: 



F x = (l/2)" + "' +l 
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F x means the inbreeding of X and in this case equals (1/2) 6 , or 1/32, 
or 3 1/8 per cent. In the formula n and n' equal the number of genera¬ 
tions from the sire and dam, respectively, of the inbred animal to the 
common ancestor; 1 is added to n + n' in the exponent of 1/2 because of 
the additional segregation between the inbred animal and its parents. 

Inbreeding occurs in some degree whenever related animals are mated. 
Related animals have more genes in common than unrelated ones (the 
relationship coefficient measures the probable percentage of these). 
The inbred offspring of related animals thus have a greater-than-average 
probability of getting the same member of each gene pair from each 
parent and thus being homozygous for it. 

The inbreeding coefficient is a measure of the probable decrease in 
heterozygosity of inbred animals as compared with non-inbred animals 
of the same population. When we say that the inbred animal X is 
3 1/8 per cent inbred, we mean that about 3 1/8 per cent fewer of its 
gene pairs are heterozygous than in non-inbred animals. This is one of 
the less intense forms of inbreeding. 



Fio. 102. Bracket and arrow-style pedigree Fio. 103. Bracket and arrow-stylo pedigreo 
of an animal resulting from a full-brother- of an animal resulting from a parent-off- 
sister mating. spring mating. 

Full brothers and sisters are related 50 per cent. Halving this gives 
25 per cent as the inbreeding coefficient of the offspring of full-brother- 
sister matings. The pedigree in both the arrow and bracket styles of an 
individual produced by full-brother-sister mating is shown in Fig. 102. 
This is as intense a form of inbreeding as is possible in animals. 

Table 22. Calculation of Inbreeding of X in Fio. 102 by Wright’s Formula 


Common ancestor 

D 

□ 

Contributions 

C 

1 

1 

(l/2) ,+,+l - (1/2)* - 0.125 

D 

1 

Q 

(l/2) ,+l+l = (1/2)* = 0.125 



■ 

Sum = 0.25* 


T 


• Fx » 26 per cent. 

Parent-offspring matings are equal to full-brother-sister matings in 
intensity of inbreeding. This is illustrated in Fig. 103 and Table 23. 
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Half-brother-sister matings are a less intense form of inbreeding as 
illustrated in Fig. 104 and Table 23a. 


Table 23. Inbreeding op R in Fig. 103 


Common ancestor 

n 

n' 

Contribution 

T 

0 

— 

1 

(1/2)*m+i = 0.25* 


• p R m 25 per cent. 

The only common ancestor in Fig. 104 is D. From the sire back to 
the common ancestor is 1 (n in formula); from the dam back to the com¬ 
mon ancestor is 1 (n' in the formula); these plus the 1 that must be added 
to take care of the halving in getting from B and C to X give us a total 
of 3 as the exponent of 1/2. So we have 
(1/2) 8 = 1 / 8 , or 12.5 per cent, as the inbreed¬ 
ing of X. This figure of 12.5 per cent merely 
means that this system of mating has re- r 0 

duced the heterozygosity by that amount 8 \e 
over what it was in the generation contain- x< 
ing D, E, and F, and compares with 25 per c j° 
cent for full-brother-sister and parent-off- l F 

spring matings. 

Inbreeding of Common Ancestors. If in 
our last example animal D the common an- ^ ^ ^ ^ 

cestor, had been inbred and therefore more 8ty ie pedigrees of an animal pro- 
homozygous than the average animal of its ducod by a half-brother-sister 
generation, X would be more homozygous mat,nK " 
than is indicated by the formula as calculated thus far. This fact is 
taken care of by enlarging our formula for the inbreeding coefficient as 
follows: 

F x = (l/2) n+n ' +1 times 1 plus the inbreeding of the common ancestor 

If we assume that common ancestor D was bred after the same fashion 
as animal X and therefore had an inbreeding coefficient of 12 1/2 per cent 


Table 23a. Inbreeding of X in Fig. 104 


Common ancestor 

n 

n' 

Contribution 

D 

1 

1 

(1/2) 1+1+1 = 0.125* 


•Fx - 12.5 per cent. 

(or 0.125), then to find the inbreeding of X we would have 
0.125 X 1.125 = 0.1406, or 14.06 per cent 
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The complete formula for the coefficient of inbreeding is usually given 
as 

F x = 2 (l/2)-+*'+»(l + F a ) 

where 2 is the summation of the contributions of various common 
ancestors and F a is the inbreeding of any common ancestors. 

Another Example of Inbreeding. The above examples were kept very 
simple in order to illustrate the principles involved in computing inbreed¬ 
ing coefficients. The principles apply equally well to more complicated 



i •*—k 


Fio. 105. Bracket and arrow-style pedigrees of an inbred animal one of whose common 
ancestors is also inbred. 

pedigrees. As we scan Fig. 105 we see that animals B, E, and F occur on 
both sides (top and bottom) of it, and we also note that B is himself 
12 1/2 per cent inbred, since he is the result of a half-brother-sister 
mating. Table 24 shows the calculations necessary to compute the 
inbreeding of A as 35.9 per cent. 


Table 24. Calculation of Inbreeding of A in Fig. 105 


Common ancestor 

D 

Q 


Contribution 

B (as sire of A and of I) 

H 

2 

1.125 

(1/2)*(1.125) = 0.1406 

B (as sire of A and of J) 

0 

2 

1.125 

(1/2)*(1.125) «= 0.1406 

E (as dam of B and of J) 

1 

2 


(l/2)« - 0.0625 

F (as sire of D and of E) 

2 

3 


(1/2)* - 0.0156 

Sum - 0.3593* 


• Fa ■ 35.9 per cent. 


In Table 24, B is listed twice because the same gene or genes from B 
might have been transmitted to A directly and also indirectly by either 
of two routes—through J or through I. Segregation of allelic genes 
occurs in the formation of each germ cell, so these two routes represent 
independent chances for A to get B’s genes in homozygous form. 
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Complete Coefficient of Relationship. Because inbreeding increases 
homozygosity, an inbred animal will transmit similar genes to each of his 
offspring more frequently than will a non-inbred individual. If an 
inbred animal is the common ancestor of two related individuals, they 
will therefore have more genes in common and thus be more highly 
related than if the common ancestor had not been inbred. To take 
care of this the contribution of each inbred common ancestor must be 
multiplied by (1 + F a ). 

Inbreeding also makes a population more variable by producing sepa¬ 
rate inbred strains. Inbred descendants of any animal will be homo¬ 
zygous in a greater percentage of their gene pairs than if they were not 



Fio. 106. Schematic pedigree of inbreeding. 


inbred, but they may be homozygous for different alleles of the same 
gene pair and thus more different (or less related) than if they were not 
inbred. To take care of this a denominator is supplied for the relation¬ 
ship formula, making the complete formula: 

Rx Y 

As an example of the use of this formula consider the pedigree shown 
in Fig. 106 of an animal produced by mating an inbred sire to his daugh¬ 
ter. S is 12 1/2 per cent inbred since he is the product of a half-brother- 
sister mating. 

From Table 25 the value of the numerator of the relationship coefficient 
is 0.84375. The complete relationship is 


2((l/2)-^(l + F a )) 
VO +F x )(\+Fy) 
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The purpose of these corrections is to make the relationship coefficient 
a measure of the degree to which the genotypes of the related animals 
are similar, rather than leave it in terms of percentage of genes from a 
common source. In the above parent-offspring mating, it is most likely 
that 75 per cent of the genes of X came from S. Since X is more highly 
inbred than S, however, X will probably have some gene pairs homozy¬ 
gous that were heteroxygous in S, thus reducing the similarity of their 
genotypes. 


Tabi.e 25. Caixtulation of Inbreeding of X in Fio. 10G 


Common 

II 

n' 

1 +F. 

Contributions 

ancestor 

1 



S 

„°J 

1 

1.125 

(l/2)*(l. 125) - 0.28125 


Calculation of Relationship of X to S 


Common 

ancestor 

DD 

1 +F. 

Contributions 

S 

DD 

KES 



HD 

tf~i 



aCH 

m 



There has been so little inbreeding in most of our farm animals that 
the denominator of the relationship coefficient seldom is very much 
larger than 1, and can therefore usually be omitted. 

Table 20 will be found convenient in working out inbreeding and 
relationship coefficients. 


Table 26. Exponential Values of 1/2 


(1/2)* - 1/4 = 25.0% 
(1/2)* - 1/8 - 12.5% 
(1/2) 4 = 1/16 - 6.25% 
(1/2)* = 1/32 =- 3.125% 


(1/2)* - 1/G4 - 1.5025% 
(1/2)* = 1/128 = 0.78125% 
(1/2)* = 1/256 - 0.390625% 
(1/2)* = 1/512 = 0.1953125% 


Types of Inbreeding. Inbreeding has been divided into various 
categories, depending upon the closeness of the relationship of the animals 
mated and the purpose of the matings. Unfortunately, the terms used 
to describe various inbreeding systems have not always been defined 
exactly the same. Generally speaking, however, the following definitions 
will be satisfactory: 

Inbreeding. The mating of animals more closely related than the 
average of the population from which they came. 

Closebreeding. A type of inbreeding in which matings are between such 
closely related animals as full brother and sister or parent and offspring. 
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I/Jiebreeding. A type of inbreeding in which matings are made to 
concentrate the “blood” of some favored individual or ancestor. Exam¬ 
ples would be half-brother-sister matings, mating a female back to her 
grandsire, or matings of more distantly related animals, all descendants 
of the favored individual. 

Disagreement over terminology arises because some consider inbreeding 
to be the same as closebreeding and define linebreeding merely as the 
mating of distantly related animals regardless of whether it is directed 
toward a single favored ancestor or not. Actually closebreeding and 
linebreeding are varieties of inbreeding and will be so considered in this 
hook. 

Some matings cannot be satisfactorily classified. Mating of sire to 
daughter (or conversely, son to dam) is one of the closest forms of 
inbreeding and is therefore classed as closebreeding. It is also the most 

Table 27. Increase in Homozygosity in the Descendants Produced by 

Continued Self-fertilization from a Single Heterozygous Individual 


Proportion of each genotype 


Generation 

AA 

Aa 

aa 

Per cent 
homozygous 

1 

1 

2 

1 

50 

2 

3 

2 

3 

75 

3 

7 

2 

7 

87.5 

4 

15 

2 

15 

93.75 

5 

31 

2 

31 

96.875 

6 

63 

2 

63 


n 

2 * - 1 

2 

2 - - 1 

mm 


effective type of mating for concentrating the hereditary material of the 
sire and might logically be called linebreeding , or perhaps close linebreeding. 

Genetic Effects of Inbreeding. As has been pointed out, inbreeding 
increases the percentage of gene pairs that are homozygous and decreases 
the percentage that are heterozygous. The closeness of relationship 
between the individuals mated determines the speed with which this 
occurs. 

The process can best be illustrated by what happens in self-fertilization, 
the mating of an individual with itself. Many species of plants nor¬ 
mally reproduce by self-fertilization, and many normally cross-fertilized 
species, such as corn, bear both male and female gametes on the same 
plant. These can be self-fertilized by artificially putting pollen grains 
(bearers of male germ cells) on the female portions of the plant. 

Table 27 shows the increase in homozygosity of a single gene pair by 
generations if a single individual heterozygous for this gene pair is self- 
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fertilized, produces four offspring, and each offspring in turn produces 
four offspring by self-fertilization, and so on. Self-fertilization of an 
Aa individual is equivalent to an Aa X Aa mating and will result in 
1/4 AA, 1/2 Aa, and 1/4 aa offspring. In subsequent generations 
self-fertilization of A A individuals will be equivalent to A A X AA 
matings, with all the offspring A A. Self-fertilization of aa individuals 
will likewise produce only aa. Thus, continuous self-fertilization, 
generation after generation, in effect removes genes from the Aa group 
and never returns any, with the result that in a very few generations the 
population is virtually all A A or aa. 

The same process occurs, but at a slower rate, with inbreeding in 
animals. If we start with an animal population that is all 4a and 
inbreed it, we get 1/4 AA] 1/2 .4a; and 1/4 aa in the first generation. 
As the inbreeding progresses, the proportion of A and a genes, if no selec¬ 
tion is practiced, will remain 50:50. When a line becomes AA X AA 


Table 28. Inbreeding Coefficients in Various Generations of Different 

Intensities of Inbreeding 


Generation 

Self- 

fertilization 

Full-brother- 

sistcr 

One-sire 

herd 

Two-sire 

herd 

Single first 
cousin 

_ 

1 

50.0 

■SB 

12.5 

6.6 

mm 

2 

75.0 

37.5 

21 8 

12.8 

■SB 

3 

87.5 


30.4 

18.5 


4 

93.8 

59.4 

38.0 

23.9 

MRU 

5 

90.9 

67.2 

44 8 

28.9 

Kfl 


or aa X aa, it remains there except in the very rare case of a mutation. 
The AA X Aa, A A X aa, Aa X Aa, and Aa X aa groups shift about 
but gradually get into the pure A A or aa form. The rapidity with which 
this happens depends upon the intensity of the inbreeding. 

Table 28 gives the average percentage of homozygosity with several 
generations of inbreeding of varying intensities. It can readily be seen 
that even with full-brother-sister matings, the most intense inbreeding 
possible with animals, the increase in homozygosity is less than half as 
rapid as with self-fertilization in plants. 

We see from our plant example that inbreeding creates no new genes, 
and in itself does not change the gene frequency. It merely increases 
homozygosity and decreases heterozygosity. If, to take a simple 
example, we started out with all AaBb individuals, we would end up 
with strains that were A ABB, A Abb, aaBB, or aabb after a period of 
inbreeding. These strains would differ greatly from each other, but 
within strains perfect genetic uniformity would be present. If, as a 
result of selection, we retained only the AABB strain, a seeming increase 
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in uniformity would have been achieved. This type of thing is the basis 
for the common but misleading saying that inbreeding increases uni¬ 
formity. Inbreeding actually increases variation but aids selection 
by forming homozygous strains, the less desirable of which can be 
culled. Thus, the end result should be to increase uniformity of desirable 
characteristics. 

Wright’s coefficients of relationship and inbreeding and the foregoing 
discussion of them are based on the following assumptions: (1) independ¬ 
ent assortment of all gene pairs; (2) only two alleles per locus; and (3) no 
selection, either natural or artificial, in the lines or families being studied. 
Furthermore, they are based on the average relationships and degrees 
of inbreeding which would be expected with the mating system used 
when entire genotypes are considered. 

In spite of the facts that linkage occurs and that multiple alleles may 
be the rule rather than the exception, theoretical studies indicate that in 
animals with as many chromosome pairs as farm animals, failure of the 
first two assumptions will probably have little effect on the general 
applicability of the formulas. If only a few gene pairs were involved, 
it is obvious that chance deviations from expected ratios at fertilization 
could have marked influences on the degree of conformance of genotypes 
of individual animals to the average values assumed in calculating 
relationship and inbreeding coefficients. However, with the large num¬ 
bers of gene pairs (undoubtedly thousands in farm animals) deviations 
from the average expectation of genetic similarity or homozygosity are 
likely to be extremely small when we think of the entire genotype. Thus 
this is unlikely to limit seriously the general usefulness and applicability 
of the formulas. 

The third assumption, no selection, is one that can never be attained. 
Some of the weaker, less vigorous animals die in every herd or flock. 
Thus natural selection is at work in all populations. With normal 
reproductive rates in any farm animal it is manifestly impossible to keep 
all descendants of even one pair of animals for many generations. Cull¬ 
ing or man-directed selection is therefore always a factor in livestock 
breeding. 

The magnitude of the effects of selection on the accuracy of inbreeding 
and relationship coefficients is not known. A number of studies have 
shown close enough relationships between inbreeding coefficients and 
theoretically expected performance strongly to suggest the general 
reliability of the estimates. 

On the other hand, an increasing number of cases are being found (see 
Lemer, 1954, for review) in various species of plants and animals in 
which heterozygosity is greater in inbred lines than would be expected 
from inbreeding coefficients. These cases point in the direction of selec- 
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tion during inbreeding favoring heterozygotes over either homozygote, 
with the result that inbreeding coefficients overestimate homozygosity. 
This question of possible heterozygote superiority will be discussed 
further in later sections. 

Since inbreeding on the average does tend to depress performance, 
and since there may be hetcrozygote superiority, it is probable that selec¬ 
tion for performance characters during inbreeding results in the selection 
of animals more heterozygous than average. This selection process, 
continued over a period of several generations, could result in substan¬ 
tially more heterozygosity in an inbred line than inbreeding coefficients 
would indicate if (1) a few gene pairs with major effects on vigor exhibited 
heterozygote superiority and (2) the inbreeding system was a mild one. 

The Outward Effects of Inbreeding. The primary genetic effect of 
inbreeding is to increase homozygosity. The outward, or phenotypic, 
effect of this may be either good or bad. The outward effect of inbreed¬ 
ing will depend upon the genes present in the stock with which inbreeding 
began. 

During the past 15 or 20 years a large amount of experimental work 
has been reported on inbreeding effects in hogs and poultry. Lesser 
amounts have been reported in cattle and sheep. Evidence from these 
species is reinforced by a large amount of experimental work involving 
the inbreeding of laboratory mice, rats, and guinea pigs. In general the 
results may be summarized as follows: 

Effects on Growth Rates. Inbreeding in hogs has, on the average, 
resulted in a moderate decrease in growth. Data from the Regional 
Swine Breeding Laboratory show this decrease to average 3.6 lb. per pig 
at 154 days of age per 10 per cent increase in inbreeding. A few inbred 
lines have, however, shown little or no decrease (see Craft, 1953, for 
review). 

In dairy cattle most studies have shown some decrease in growth rates 
and mature weights with inbreeding, but again results have been variable. 
In Wisconsin and New Jersey studies, indications were that, while the 
over-all effect of inbreeding was to decrease growth rates slightly, 
inbreeding levels of at least 20 to 25 per cent could be reached in some 
strains with little or no decrease in growth. Nelson and Lush (1950) 
found that mild inbreeding slowed growth rates at young ages in Holstein 
cattle but did not reduce mature size. 

In the only known studies on beef cattle Koch (1951) and Burgess 
et al. (1954) observed decreases of 0.48 and 1.75 lb., respectively, in 
weaning weights per 1 per cent increase in inbreeding of calves. Burgess 
et al. also observed a reduction of 1.15 lb. in calf weaning weight per 
1 per cent increase in inbreeding of dam. A preliminary report 1 of 

1 Colo. Agr. Expl Sta., General Series Paper 613, 1955. 
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Colorado work showed reductions of about 3 per cent in feed-lot gain in 
Hereford bulls inbred about 30 per cent as compared with outbred bulls. 

Extensive studies at the Western Sheep Breeding Laboratory (see 
Terrill et al ., 1948, for most recent paper and references to earlier papers) 
showed rather general decreases in both weaning and yearling weights 
of Rambouillet, Columbia, and Targhee sheep with inbreeding. The 
decreases varied from group to group but averaged 0.34 lb. for weanling 
lambs, 0.26 lb. for yearling ewes, and 0.49 lb. for yearling rams per 
1 per cent inbreeding. Morley (1954) found a decrease of 0.29 lb. per 
1 per cent inbreeding in yearling weights of Australian Merinos. 

Studies on poultry and laboratory animals have given variable results 
but have indicated a general growth-decreasing effect of inbreeding. 
Some strains of rats and mice have withstood inbreeding with no appar¬ 
ent bad effects on growth rates. 

It is therefore clear that, while the growth rates of some inbred lines 
are apparently little affected by inbreeding, the average effect (and this 
is what a breeder must assume he will get in embarking with a particular 
breeding system) is for inbreeding to depress growth rate. The average 
reduction seems to be remarkably uniform for the three species of farm 
animals. 

The average decreases quoted represent reductions ranging from 
approximately 1 1/4 to 5 per cent in gains per 10 per cent inbreeding. 
These reductions are definitely large enough to discourage the use of 
even moderate inbreeding in commercial herds and flocks where the 
margin of profit may be small and dependent in large part on live- 
weight production per animal unit. 

On the other hand, the decreases are moderate and would not be 
serious deterrents to inbreeding programs and the formation of inbred 
lines in purebred herds and flocks where improved breeding value of the 
resulting stocks is the goal. 

Effects on Reproductive Performance. With the exception of a few 
cases in laboratory animals and a few inbred lines of swine, the results 
of inbreeding experiments are unanimous in indicating reductions in 
reproductive efficiency with inbreeding. From a summary of all Regional 
Swine Breeding Laboratory data Craft (1953) estimated there has been 
an average decrease of 0.33 pig per litter at birth and 0.50 pig per litter 
at weaning per 10 per cent increase in inbreeding. This decrease is large 
enough to be a possible limiting factor in the development of highly inbred 
lines of swine. As a matter of fact, a high percentage of inbred lines 
started have been discarded because of low reproductive performance. 

Efforts to find the physiologic bases for reduced reproductive efficiency 
in inbred swine have suggested that in at least some lines inbreeding 
delays testicular development, delays puberty in both sexes, reduces the 
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number of ova shed by gilts, and increases early embryonic death rates. 
Observations indicate that the percentage of boars which refuse to breed 
and those that are “slow breeders” increases with inbreeding. In spite 
of the rather drastic average effects of inbreeding on reproductive per¬ 
formance in swine, some lines have performed reasonably well for several 
generations of inbreeding. 

Relatively little information is available on the effects of inbreeding 
on reproductive efficiency in beef cattle, but Stonaker (1954) found that 
Hereford cows averaging 20 per cent inbreeding bred to produce calves 
averaging approximately 30 per cent inbreeding raised 30 per cent fewer 
calves to weaning than outbred cows raising outbred calves in the same 
herd. His report does not state whether this reduction was due to 
failure to conceive or to pre- and postnatal mortality. Woodward and 
Graves (1946) noted that more services were required for conception as 
inbreeding progressed in Holstein cattle. Although the trends were not 
statistically significant, Hawk el al. (1955) noted increased embryonic 
mortality in Holstein cattle among both inbred embryos and embryos 
carried by inbred dams. 

Although not constituting scientific evidence on the question, the 
highly inbred Duchess strain of Shorthorns developed by Bates is said 
to have become extinct because of failure to reproduce. Interestingly 
enough, the low reproductive rates of this strain of cattle was once con¬ 
sidered a virtue because it kept numbers down and helped maintain the 
artificial values put upon them by pedigree fanciers! This illustrates 
the extent to which fads and fancies can occasionally lead selection prac¬ 
tices in farm animals from sound goals. 

Speaking in general terms, it appears that reductions in reproductive 
performance together with increased mortality are perhaps the most 
striking effects of inbreeding. These effects are by no means universal 
in inbreds, but they are consistent enough to make the continuation of 
many inbred lines difficult, impossible, or at least economically imprac¬ 
ticable even if animals of the line produce superior progeny when used 
in outcrosses. 

The average effects of inbreeding on reproductive performance indicate 
strongly that no commercial producer can afford to follow an inbreeding 
program. 

Effects of Inbreeding on Vigor. Vigor is difficult to define in quantita¬ 
tive terms, but observation and objective evidence indicate that inbreed¬ 
ing often lowers vitality. In swine (Craft, 1953) some inbred lines 
showed increases in death rates of up to 4.2 per cent per 10 per cent 
increase in inbreeding. Death losses in other lines were little affected. 
Regan et al. (1947) studied calf mortality in a 25-year California dairy- 
cattle-breeding experiment and concluded that inbreeding definitely 
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increased death losses. A few sentences from their summary are of 
interest: 1 


The percentage of mortality varied among the inbred progeny of the different 
sires. Inbreeding apparently increased the mortality in the progeny of all sires, 
but the increase over the controls was not significant in the progeny of three of 
the sires. The mortality among the inbred progeny of all the other sires that 
had sufficient numbers of offspring was significantly greater than in the controls. 
It was tentatively concluded that two different lethal genes, conditioning anoma¬ 
lies of the liver and heart, but with no external morphological effects, may have 
been responsible for deaths in the inbred progeny of two of the sires. These two 
genes, however, are insufficient to account for all the mortality observed. It 
seems that more subtle genetic relationships or interactions may be involved in 


causing most of the mortality. 

In inbred calves, the proportion of mortality that cannot be attributed to 
specific lethal genes was greatly influenced by management and medication. The 
mortality was reduced by keeping the calves on fresh, clean ground that had been 
free from cattle for several months and by the use of sulpha therapy in the treat¬ 
ment of certain infectious diseases. 


The observation of most people who have worked with inbred farm 
animals is that they are more quickly and drastically affected by unfavor¬ 
able environments than are outbreds. 

Effect of Inbreeding on Production of Dairy Cows. A majority of 
studies has shown that decreases in milk and butterfat production occur 
with inbreeding. In Wisconsin studies (Tyler et at., 1949) the decrease 
amounted to 74 lb. of milk and 2.3 lb. of butterfat per 1 per cent increase 
in inbreeding. In an Iowa study (Nelson and Lush, 1950) the decrease 
amounted to an average of 4.5 lb. of butterfat per 1 per cent of inbreed¬ 
ing, the decreases in both studies being in terms of 305-day records (cows 
milked two and three times daily in the Wisconsin and Iowa studies, 
respectively). Laben et at. (1955), in summarizing the results of a long¬ 
time California inbreeding experiment, report decreases of 210 lb. of 
milk and 4.9 lb. of butterfat per 1 per cent inbreeding. Inbreeding has 
not affected butterfat test greatly in most experiments, but in the Cali¬ 
fornia work, test increased significantly with inbreeding. A I'.S. Depart¬ 
ment of Agriculture study (Woodward and Graves, 1946) showed little 
apparent decrease in production with moderate inbreeding early in the 
experiment, but as inbreeding became more intensive, production 
declined rather drastically. 

Effect of Inbreeding on Fleece Characters of Sheep. Studies at the 
Western Sheep Breeding Laboratory (see Terrill et at., 1948) on ltam- 
bouillet, Columbia, and Targhee sheep, and in Australia on Merinos 
(Morley, 1954) of the relationship inbreeding and various fleece characters 


1 Growth, 11 ( 2 ): 101 - 131 , 1947 
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have shown a trend toward decreased staple length and fleece weight with 
increases in inbreeding. The decreases were large enough in some cases 
to be statistically significant but of less practical importance than several 
other characters. The maximum figure reported indicated a decrease of 
0.6 lb. in grease-fleece weight per 10 per cent increase in inbreeding. 

A ppearance of Hereditary Lethal 8 or Other Abnormalities with Inbreeding. 
In many inbreeding experiments hereditary abnormalities or lethal genes 
have appeared. Such things are almost always recessive in inheritance, 
and genes for them may be present in low frequencies in outbred herds 
but remain hidden and unsuspected, usually or always being covered by 
their dominant alleles. When inbreeding takes place the probability of 
these genes’ appearing in homozygous form is increased, just as the 
probability of all genes’ being homozygous is increased. Inbreeding does 
not create such factors; it merely brings them to light. 

Effect of Inbreeding on Uniformity. Experimental data on uniformity 
are extremely scarce. To have the best evidence on this we would need 
inbreeding experiments performed with all the resulting lines and sub¬ 
lines saved, that is, with no selection among the inbreds from generation 
to generation. In practice, however, the poorer individuals and sublines 
must be culled. We therefore tend to base our conclusions on the selected 
survivors of inbreeding. 

Observation, buttressed by some experimental data, indicates rather 
definitely that inbreeding leads to increased uniformity within lines in 
many highly heritable but superficial characters, such as color and details 
of conformation. General conformation or type also tends to increase 
in uniformity within lines. Wright (1922a) observed and reported on 
similarities within lines and differences between lines of guinea pigs in 
color and body type. This is still the best-documented report on effects 
of inbreeding on such characters known to the authors. 

We would also expect increased uniformity of productive characters, 
such as growth rates and litter size in inbreds as compared with outbreds. 
Actual data on this point are limited, but as far as they go they seem to 
indicate no increase in uniformity. Perhaps the increased genetic uni¬ 
formity is offset by an increased susceptibility to adverse environmental 
factors that affect some individuals more than others, and thus increases 
variation. However, even if there were no increase in variation due to 
environmental factors, the decrease in variation in quantitative charac¬ 
ters with inbreeding would be relatively small and might well remain 
undetected except at high levels of inbreeding. For characters only 20 to 
30 per cent heritable a reduction of 20 or even 40 per cent in the herita¬ 
ble portion of the variation would have little effect on the total variance. 

Some Good Experiences with Inbreeding. The foregoing items, with 
the exception of a possible increase in uniformity of type, are almost 
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unanimous in indicating some harmful effects of inbreeding. Space does 
not permit a more complete review of similar results in laboratory animals 
and plants. Occasionally, however, effects are good, or at least not harm¬ 
ful. Many isolated examples of this could be cited if space permitted. 

Rats have been inbred continuously by brother-sister matings for more 
than 125 generations (over 40 years) at the Wistar Institute with out¬ 
standing results (see King, 1 for early results). The resulting Wistar rats 
have satisfactory performance, vigor, etc., and are one of the most widely 
used strains of laboratory animals in the United States. 



Flo. 107. Comet (155). The first bull ever sold for $5,000. He was very strongly inbred. 
(From Sanders, Shorthorn Cattle, the Breeder's Gazette.) 

Robert Bakewell, the great pioneer English breeder of Longhorn cattle, 
Leicester sheep, and Shire horses, inbred intensively with apparent good 
results. Culley, writing in 1794, said: 

Mr. Bakewell has not had a cross for upwards of 20 years, his best stock has 
been inbred by the nearest affinities, yet they have not decreased in size, neither 
are they less hardy, or more liable to disorder, but, on the contrary, they have 
kept in a progressive state of improvement. 

Many other breeders imitated Bakewell. The Shorthorn bull Comet 
(pedigree in Fig. 108), bred by Thomas Bates and said to have been the 
first bull ever to sell for as much as $5,000, had an inbreeding coefficient 
of over 46 per cent. 

In more modern times a number of breeders have followed intense 
inbreeding programs with apparent success. The question may well be 

1 Jour . Expt. Zool ., 26:1-54, 26:335-378, 27:1-36, and 29:71-112, 1918 and 1919. 
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raised, however, as to whether many of these men may have tolerated 
some decrease in productive characters when they got the desired type. 
Actually, since evaluation of meat animals has to date been based almost 
entirely on type, with no production records being kept, some decline in 
performance could have occurred without the breeders being aware of it. 

Summary of Inbreeding Effects. Since the effect of inbreeding on per¬ 
formance traits is that of depression, inbreeding should almost never be 
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Fl«. 108. Pedigree of Shorthorn bull Comet. 


practiced in a commercial herd. It should be practiced only in seed- 
stock herds or lines if there is reason to believe that animals will ulti¬ 
mately be produced with superior breeding value. 

Much of the extensive inbreeding research of the past 20 to 30 years 
with farm animals traces to inbreeding and linecrossing studies with 
guinea pigs started by the U.S. Department of Agriculture in 1906 and 
summarized by AY right (1922a, 1922b). Some statements from Wright's 
summaries will show the remarkable agreement between the effect of 
inbreeding in guinea pigs and the effects we have reviewed in farm 
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animals, as well as some of Wright’s thinking in regard to the usefulness 
of inbreeding. 1 

There has been an average decline in vigor in all characteristics during the 
course of 13 years of inbreeding of guinea pigs, brother with sister. The decline 
is most marked in the frequency and size of litter, in which it is so great that it 
would have to be accounted for even though the decline in other respects was 
assumed to be due wholly to a deterioration in the environmental conditions. 
The decline is greater in the gains after birth than in the birth weight, and 
greater in the percentage raised of the young born alive than in the percentage 
born alive. The ability to raise larger litters has fallen off much more than 
ability to raise small litters. 

A comparison of the inbred guinea pigs with a control stock, raised under 
identical conditions without inbreeding, and derived in the main from the same 
linebred stock as the inbred families, indicates that the inbreds have suffered a 
genetic decline in vigor in all characteristics. The decline in fertility is again 
shown to be marked. Experimental inoculation with tuberculosis has shown that 
the inbreds were inferior, on the average, to the controls in disease resistance. 

A study of sex ratio yields results in marked contrast to those obtained in con¬ 
nection with the other characters. There are no significant fluctuations from 
year to year, no contrast between inbreds and controls, and no indications of 
change due to inbreeding. 

In addition to the points brought out in this bulletin, which indicates genetic 
decline during inbreeding, extensive experiments have been made in which dif¬ 
ferent inbred families have been crossed together. These are described in another 
paper ( U.S. Dept, Agr. Bui. 1121) in which it is shown that crossbred guinea pigs 
born of unrelated inbred parents are distinctly superior to their inbred relatives 
in nearly all elements of vigor. A slightly larger percentage are born alive, in 
small litters at least, and a distinctly larger percentage of those born alive are 
raised. The young are slightly heavier at birth in a given size of litter and gain 
much more between birth and weaning. They mature earlier, produce larger 
litters and produce them more regularly than inbreds. Of the young which 
they produce, a much larger percentage are born alive, especially in large litters, 
and even more of these are raised than in the first generation. Their young show 
a further increase in birth weight and in later gains. 

It is believed that the results point the way to an important application of 
inbreeding in the improvement of livestock. Nearly all of the characteristics 
dealt with here, like most of those of economic importance with livestock, are 
of a kind which is determined only to a slight extent by heredity in the individual. 
About 70 per cent of the individual variation in resistance to tuberculosis and 
over 90 per cent of that in the rate of gain and size of litter are determined by 
external conditions. Progress by ordinary selection of individuals would thus 
be very slow or nil. A single unfortunate selection of a sire, good as an indi¬ 
vidual, but inferior in heredity, is likely at any time to undo all past progress. 
On the other hand, by starting a large number of inbred lines, important heredi¬ 
tary differences in these respects are brought clearly to light and fixed. Crosses 

> U.S. Dept, of Agr. Bui. 1090 and 1121. 
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among these lines ought to give a full recovery of whatever vigor has been lost 
by inbreeding, and particular crosses may safely be expected to show a combina¬ 
tion of desired characters distinctly superior to the original stock. Thus a 
crossbred stock can be developed which can be maintained at a higher level than 
the original stock, a level which could not have been reached by selection alone. 
Further improvement is to be sought in a repetition of the process—the isolation 
of new inbred strains from the improved crossbred stock, followed ultimately 
by crossing and selection of the best crosses for the foundation of the new stock. 

This method of improvement has not been unknown in the past. In fact, 
most of the recognized breeds of livestock were developed, more or less uncon¬ 
sciously, in this way. Close inbreeding was practiced by the pioneer breeders— 
Bakewell, the Collings, Bates, Cruickshank, Hewer, etc. The relatively few 
promising families and the successful nicks between them were the foundation 
stock of the breeds. Further development may be expected by the intelligent 
application of the same principles. 

Combining the results described in this and in Bulletin 1121 there seems no 
escape from the conclusion that a loss of vigor, especially in fertility, took place 
as a more or less direct consequence of close inbreeding. The question whether 
this is an inevitable result of inbreeding or merely a likely one, as well as other 
phases of the subject, will be discussed after the presentation of further data 

Conformity of Results with Theoretical Expectations. The foregoing 
results, showing that the outward results of inbreeding are usually harm¬ 
ful but that superior results are occasionally obtained, are generally in 
line with what we would expect regardless of which of the two current 
theories may be the basic genetic explanation or whether both may be 
involved. 

The older theory is that of linked dominant genes. In genetic studies 
with many species of plants and animals it has been shown repeatedly 
that deleterious genes are usually recessive, while beneficial genes are 
more often dominant or semidominant. 

The animals with which inbreeding begins are of necessity the products 
of outbreeding systems and therefore are rather heterogeneous; that is, 
they carry a mixture of dominant “good” and recessive “bad” genes, 
with the recessives largely covered up. Inbreeding tends toward homo¬ 
zygosity and fixes dominant and recessive genes indiscriminately. It is 
almost certain to fix some undesirable genes (whose effects were covered 
up in the foundation animals). Two things make this probable. The 
dominant and recessive genes are probably located at random within the 
various chromosomes, and the resulting linkages ensure that both domi¬ 
nant and recessive genes will be fixed in the homozygous condition. 
Crossovers will occur, but not often enough to prevent considerable 
fixation of undesirable recessives if any appreciable intensity of inbreed¬ 
ing is involved. This is the basis upon which the theory of linked 
dominant genes was developed. 
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It is really not necessary to have linkage to obtain similar results—the 
large numbers of gene pairs in all farm animals will almost inevitably 
result in undesirable recessives being fixed with inbreeding even if they 
all segregated independently. This is due to the tremendous number of 
combinations possible when animals heterozygous for only a few genes 
are mated. Two animals heterozygous for n pairs of genes can theoreti¬ 
cally produce 3" types of offspring. If only seven pairs were heterozy¬ 
gous, 3 7 , or 2,187, different combinations could be expected in the off¬ 
spring. Actually the animals will have only a few offspring, and it is 
unlikely that the one or two perfect combinations will even be produced. 
The above hypothesis would satisfactorily explain the average decline 
in production with inbreeding. Beginning with especially good heredi¬ 
tary material (few harmful recessives), having some luck in getting good 
combinations fixed, and continual culling of the undesirable animals as 
they appear, are some of the factors that should minimize harmful 
effects. Any or all of these may have been involved in the occasional 
good results observed with close inbreeding. It should also be remem¬ 
bered that most of the apparent good results from inbreeding farm ani¬ 
mals have been with lines inbred less than 50 per cent and that we cannot 
generalize from them as to what results will be as 100 per cent inbreeding 
is approached. 

According to this hypothesis it should theoretically be possible even¬ 
tually to develop inbred lines that would carry only favorable dominant 
genes and represent the ultimate in productive value. This would be 
accomplished through inbreeding many lines, selecting the best-perform¬ 
ing ones of these, crossing them, and reinbreeding among the cross 
progeny. This cycle would be repeated time after time with some 
undesirable recessives being eliminated at each cycle until perfection was 
attained. This process would be very slow because of linkage and the 
number of factors involved, and even if this theory should be the only 
explanation of loss of vigor with inbreeding, it is not surprising that no 
one has yet produced a highly productive, completely homozygous line 
in a normally cross-fertilized crop or farm animal. 

Another possible genetic reason for the harmful effects of inbreeding 
is the possibility that, in at least some cases, the heterozygote may be 
better than either homozygote. For example, a pair of genes A and a 
might have effects such that A A is better than aa but that .4 a is better 
than either. Lerner (1954) has recently reviewed the experimental evi¬ 
dence and makes a strong case for the existence of genetic mechanisms 
such that animals heterozygous for either single gene pairs or gene com¬ 
plexes have superior.fitness and performance characteristics. Overdomi¬ 
nance is the name which has been applied to this phenomenon. 

If any appreciable fraction of the gene pairs have actions of this kind, 
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then inbreds lack vigor and productiveness because of homozygosity itself 
Development of highly productive inbreds would therefore be impossible, 
and the ultimate in productive ability could occur only in crosses or 
hybrids produced by breeding systems giving maximum heterozygosity. 

Either of the above theories would fit observed results to date reason¬ 
ably well. The most probable situation would appear to be that both 
hypotheses are partially correct. Certainly inbreeding brings many 
recessives to light. In many of these there has never been any suggestion 
of the heterozygote having a selective advantage. This indicates that 
the dominance hypothesis is important. Neither can the apparent 
evidences of overdominance in some cases be overlooked. Further 
work will doubtless clarify the situation. Obviously the genetic basis 
for inbreeding effects is closely related to the genetic basis for heterosis, 
or hybrid vigor. 

Usefulness of Inbreeding. In spite of the occasional good results 
obtained from inbreeding, it is becoming increasingly apparent that the 
development of highly productive inbreds in our farm animals is not 
likely within the foreseeable future. Rather, inbreeding must find its 
usefulness as an aid to selection in producing parent stocks which can be 
used with predictable results as parents for outbred or crossbred com¬ 
mercial animals or for improving non-inbred purebreds through top 
crosses. The use of inbreds for the first purpose is being widely exploited 
in poultry production and to a lesser extent in swine production. Sys¬ 
tematic use of selected inbreds for top crossing on other purebreds has not 
been used much to date. 

Those animals which perform even reasonably well under an inbreed¬ 
ing program should be homozygous for a greater-than-average number 
of desirable genes and therefore have above-average value as breeders 
for the following reasons: 

1. Their homozygosity means that their germ cells will be more uni¬ 
form than those of outbred animals and that their offspring should be 
more uniform. This is another way of saying that their breeding 
behavior is predictable. 

2. Since desirable genes are often dominant, good inbred animals are 
often prepotent; that is, they have the power to stamp their own characters 
on the offspring to the exclusion of those of the other parent. Inbreeding 
is the only known method of increasing prepotency. Prepotency 
depends upon homozygosity of dominant genes. Inbreeding has its 
greatest usefulness as an aid to selection. Inbreeding can be used to 
quickly separate a population into distinct families or lines, the poorer 
of which can be culled and the better of which are likely to have bettcr- 
than-average breeding value. 

Another use of inbreeding is that it permits the holding-together of 
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Fio. 109. JD1I Aristocrat Manso 215/5—a mildly lincbred Brahman bull. He was 
champion at several major shows in 1950. and a son was champion or reserve champion 
wherever shown in 1954 and 1955. (Photograph, courtesy of Edgar H. Hudgins, Hungerford, 
Texas.) 
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desirable gene combinations and their propagation through future 
generations. Since desirable gene combinations are quickly dissipated 
in outbred matings, some degree of inbreeding represents the only known 
method of accomplishing this. 

These techniques have to date been exploited most successfully with 
crops. The phenomenal success of hybrid com in the United States is 
based on the crosses of inbred lines which nick well with each other. 
Preliminary work involving crosses of inbred lines of farm animals is 
promising and will be discussed in detail in the chapter on Crossbreeding. 


Linebreeding. Linebreeding is defined as a breeding program directed 
toward maintaining relationship in a herd to a favored ancestor, usually 
a sire. Since the only way to accomplish this is by intermating among 
his progeny, all linebreeding programs inevitably involve a greater or 
lesser amount of inbreeding. Often this is relatively mild, as illustrated 
by the pedigree in Fig. 110. 

Most breeders fear closebreeding (which they often call inbreeding). 
From our discussion of the average effects of inbreeding on performance 
we can readily see that this fear is well founded so long as breeding stock 
is sold quite largely on the basis of individual merit. Only a radical 
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change in the organization of our seed-stock-producing industry, such as 
is now attracting some interest in swine breeding, with a change in 
emphasis from individual merit to progeny merit in evaluating potential 
breeding stock could encourage breeders to practice closebrceding. 

Linebreeding, on the other hand, while not entirely free of the dangers 
inherent in closebrceding, minimizes them and has several advantages for 
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Flo. 110. Pedigree of JDH Aristocrat Manso 215/5. He is only 4.7 per cent inbred but has 
a relationship coefficient of 31 1/4 to Manso 41. {Pedigree courtesy of Edgar H. Hudgins, 
Hunger ford, Texas.) 


breeders under certain conditions. It is rightfully viewed with more 
favor by most breeders than is closebreeding. 

With present methods of selecting sires among outbred animals, only 
about 20 per cent of dairy bulls raise the production levels of their 
daughters appreciably over those of the dams of the daughters, and only 
about 5 per cent are truly outstanding sires. We have no figures on the 
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percentage of breed-improving meat-animal sires, but doubtless the per¬ 
centage is not much different from that in dairy cattle. 

This scarcity of good and outstanding sires means that the owner of 
an average herd of a slowly reproducing species, such as cattle, who uses 
only one or two sires at a time will be extremely fortunate to get just one 
really good sire in a lifetime. This means that when a really good sire 
is found every attempt should be made to preserve his influence. This 
can be done successfully only by a linebreeding program. 

If no attempt is made to linebreed to the outstanding sire, his daughters 
and granddaughters will be bred to unrelated sires and his grandsons 
and granddaughters will carry only 25 per cent of the genes of the old 
sire, his great-grandsons and great-granddaughters will have only 12 1/2 
per cent, etc. Thus, while the influence of the sire may persist in the 
breed, his special relationship to the herd will be rather quickly lost. 
Unless the breeder has better-than-average luck, the unrelated sires 
used on his descendants will be of only average breeding value and the 
whole herd will decline in merit as the hereditary material of the out¬ 
standing sire is diluted out. 

A linebreeding program can be used to maintain an outstanding sire’s 
influence in a herd, but it should be emphasized that we can retain a 
degree of relationship to him only as strong as the relationship of his most 
closely related living descendant at the time of his death. If we have 
animals that are 50 per cent related to him, and intermate them exclu¬ 
sively after his death, this relationship to him can be maintained but 
never increased. Similarly, a relationship of 75 per cent could be main¬ 
tained if animals 75 per cent related were available. Practically, the 
relationship of the herd will usually decline somewhat in future years 
owing to the fact that it would be a rare herd made up entirely of descend¬ 
ants of a single sire. 

The linebreeding program can take a variety of forms, and its intensity 
is not necessarily measured by the inbreeding coefficients of the animals 
produced. Three of the pedigrees in Fig. 111 show the same amount of 
inbreeding, but the relationship, or percentage of hereditary material 
from a certain animal is quite different. It is usually better to let the 
quality of the available animals determine the type of mating than'to 
plan them in advance and follow the plan regardless of the quality of the 
animals available. 

A linebreeding program consistently followed over a period of years 
will not only maintain a relationship to a favored ancestor but will also 
keep the contemporary animals in a herd closely related to one another 
and therefore probably of more-than-average uniformity. Linebreeding 
is most often pointed to a great sire because sires leave more offspring 
than dams and have an opportunity to be more thoroughly appraised on 
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the basis of their progeny. Occasional examples of successful linebreed¬ 
ing to females have been recorded. 

Linebreeding (and perhaps also mild inbreeding not necessarily directed 
to .any one individual) should generally he practiced only in seed-stock 
herds in the following situations: 

1. Linebreeding should be practiced in better-than-average herds where 
the quality is high enough to make it difficult or impossible to obtain 
sires outside the herd with a reasonable prospect that they will be as good 



X - 12.5% inbred Y - 12 1/2% inbred 

25% ••blood” from 11 50% ••blood” from M 

25% ••blood” from I 25% •*blood” from N 

25% ••blood” from K 25% “blood” from P 

25% “blood" from L Lincbrcd to M 
Not linebred 



Z - 12 1/2% inbred A - 37.5% inbred 

02.5% “blood” from M 87.5% “blood" from M 

25% “blood" from D Very strongly lincbrcd to M 

12.5% “blood” from X 
More strongly linebred to M 

Flo. 111. Pedigrees to illustrate linebreeding. 

as home-raised sires. The use of home-raised sires in such herds has the 
additional advantage of having the prospective sires raised at home, 
where their productive performance can be evaluated in relation to their 
known environment. 

2. Linebreeding is often justified in an average herd or in an only 
slightly above-average herd if a particularly outstanding sire is or has 
been used. This linebreeding program should be built around such an 
animal’s best progeny, not on those left after the best have been sold. 

3. Linebreeding is justified only in herds where the owner is well 
informed regarding both its possibilities and pitfalls. 

4. Linebreeding is usually not feasible unless the herd is of at least 
two-sire size. Otherwise inbreeding will rise to dangerous levels in a few 
years. 
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Herds of the following types should almost never inbreed or linebreed: 

1. The grade or commercial herd owner producing animals for the 
market can seldom, if ever, afford to linebreed, since he runs the risk of 
undesirable results and cannot sell his stock at increased prices for breed¬ 
ing purposes even if results should be good. 

2. It is usually a mistake for the owner of a below-average seed-stock 
herd to linebreed, since more rapid progress can usually be made with 
outside sires. Furthermore, the probability of poor results increases as 
the quality of foundation stock goes down. Undoubtedly, poor results 
from indiscriminate linebreeding and even closebreeding in such herds 
is responsible for the undeservedly poor reputation the practice has in 
many quarters. 

3. Owners of small one-sire purebred herds cannot usually follow very 
long a linebreeding program based on home-raised animals. Oftentimes 
a breeder of this type can profit by buying all his sires from a larger 
breeder who follows a successful program, thus in effect following the 
program of the larger breeder. 

4. Linebreeding with inferior animals, merely as an economy measure, 
is not desirable. 

5. Herds owned by persons with inadequate financial resources should 
not be linebred. 
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CHAPTER XVI 

SYSTEMS OF BREEDING—UNRELATED ANIMALS 


The term outbreeding is the opposite of inbreeding. It means follow¬ 
ing a breeding system that involves the mating of animals less closely 
related than the average of the group to which they belong—for practical 
purposes usually considered as animals with no common ancestors in the 
first four to six generations of their pedigrees. 

Outbreeding includes crossing unrelated animals within breeds, cross¬ 
breeding, grading up, the crossing of inbred lines, and extreme crosses 
between animals belonging to different species, such as the cross of the 
ass and the horse to produce the mule. Our purpose in this chapter is to 
discuss the usefulness and limitations of these various types of outbreed¬ 
ing. Crossbreeding and crossing inbred lines for commercial production 
are of such importance that they will be discussed separately in the next 

chapter. 

Outcrossing. Outcrossing is the term applied to mating unrelated 
animals within the same pure breed. It is the most common breeding 
system in use by American breeders. The common practice of contin¬ 
ually selecting the best available, but unrelated, sires for use on the 
females of a herd is really an outcrossing system combined with selection 
and is often spoken of as Jtiass selection. Although unspectacular and 
in many ways less effective than some other breeding systems, it has 
nevertheless been responsible for a high percentage of the changes 
brought about in livestock since the breeds were formed. 

The pool of genes in any breed has, in general, been elastic enough 
to permit outbreeding systems to bring about marked changes in type 
and other characteristics. Indeed, selection to change the proportions 
of the various genes and inbreeding to increase homozygosity are the 
only two breeding tools available to the breeders of most of our modern 
breeds, because breed-society rules prohibit the introduction of outside 
genes into a breed. 

A rather prevalent but erroneous opinion is that inbreeding is increas¬ 
ing rapidly in our breeds and that they are truly “pure strains.” A good 
deal of inbreeding did occur in the formative stages of many breeds. As 
one of the most extreme examples, average animals of the Shorthorn 
breed in 1920 were found to be about 26 per cent inbred, mainly because 
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intensive inbreeding was practiced by a few pioneer breeders. Studies 
of many breeds, largely by Sewall Wright and Jay L. Lush and their 
associates, show that in general the present increase in average inbreeding 
coefficient is about 0.5 per cent per generation. Thus it will take the 
average breed about 25 generations (around 35 to 40 years in swine and 
110 to 112 in cattle) to increase in homozygosity as much as would result 
from one generation of half-brother-sister mating. Even this much 
increase in homozygosity is likely reduced somewhat by occasional 
registration of a grade or crossbred through mistake or fraud. 

Thus, largely as a result of outcrossing combined with selection, the 
breeds have reached their present status. Perhaps the most marked 
changes during the past 50 years have occurred in hog type. They are 
discussed further in the chapter on Swine. Probably if a group of 
breeders of “chuffy” hogs in 1900 had been shown a picture of the 
“race horse” type which evolved by 1930 and told that their job was to 
create such a type, their first reaction would have been, “It can’t be 
done.” Such a change was made, however, and doubtless our present- 
day intermediate-type hogs have enough hidden variability to permit 
the re-creation of either extreme type should it ever be desirable to do so. 

Other changes, such as the smoothing-up of dairy cows, the increased 
compactness of beef types, and the divergence of the Shorthorn breed 
into beef and milking types, could be used as equally good examples of 
changes which have taken place. 

Usefulness of Outcrossing. For characters that are largely under the 
control of genes with additive effects and are highly hereditary a system 
of selection and outcrossing is highly effective. High heritability indi¬ 
cates a high correlation between genotype and phenotype. Individual, 
or phenotypic, selection is therefore reasonably accurate in locating those 
animals with a greater-than-average number of good genes. The mating 
of selected animals in outcrosses results in relatively few undesired genes 
being fixed in homozygous form. In other words, a breeding system of 
this kind brings about immediate improvement and at the same time 
does not shut the door on future improvement, as an intense inbreeding 
program might do through the fixation of deleterious reccssives. 

Growth rate in beef cattle is an example of a highly hereditary trait 
for which a breeding system of this kind should be most effective. In 
fact, the system will be effective to a degree for traits with much lower 
heritabilities, there being no definite lower limit at which we could 
suddenly say some other system was preferable. 

As selection of this type proceeds, over a series of generations the fre¬ 
quency of desired genes becomes relatively high, genetic variability is 
decreased, and heritability declines. In part at least this is probably due 
to every quantitative character being partly under the control of genes 
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with dominance or epistatic effects, or both. Outcrossing with selection 
is an ineffective system for fixing genetic factors having these types of 
action because phenotype and genotype are not closely related. Thus 
selection becomes more and more inaccurate. Also, outcrossing is almost 
powerless to fix characters through bringing about homozygosity. Thus, 
unless recourse is had to more powerful breeding systems, hidden reces¬ 
sive genes remain to limit further progress. It is doubtful that reduced 
heritability will be a serious factor with most traits until selection has 
been practiced a long time. 

The fact that reduced heritability can occur following selection is, 
however, apparent from at least two studies. Hetzer et al. (1944) found 
heritability of type score to be about 30 per cent within strains of chuffy 
and rangy Poland China hogs. Heritability was 92 per cent among the 
progeny of crosses between these strains. In sheep, Hazel and Terrill 
(1946) found heritability of wrinkling to be high in moderately wrinkled 
flocks but much lower in smoother flocks where considerable progress had 
already been made in eliminating wrinkles. 

Thus, when mass selection and outcrossing have carried a breeder to 
the point where further progress is difficult, or when selection is for char¬ 
acters initially low in heritability, he should turn to inbreeding or line¬ 
breeding to fix the desirable characters and permit more effective selection 
against undesirable combinations. 

The sequence envisioned here is perhaps best illustrated by the breed¬ 
ing history of Indian corn, or maize. In the relatively short span of 
years from the discovery of America to 1900, and without doubt 
mostly during the nineteenth century, the white man, largely by selection 
among cross progeny of existing diverse strains, increased the yielding 
capacity of com many fold. An equilibrium had apparently been 
reached, however, so that selection seemed powerless to effect further 
increases. Plant breeders turned to inbreeding and the crossing of 
selected lines. The resulting “ hybrid ” corn had a higher yielding capac¬ 
ity than selection had been able to achieve and virtually revolutionized 
corn growing. 

Most livestock breeders whose herds have truly exerted an influence 
on their breeds have practiced intensive selection. Many of them have 
also practiced inbreeding or linebreeding with a resulting improved 
breeding value of their animals. Nevertheless, almost invariably these 
master breeders at times have used outcrosses to regain lost vigor or to 
introduce new genes. Only when used in the latter ways with a specific 
aim in view is outcrossing in an above-average herd to be recommended. 
In below-average herds it is usually the best breeding method, at least 
according to our present knowledge and our current practice of mer¬ 
chandising breeding stock on the basis of individual merit. 
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The usefulness of outcrossing depends almost wholly on the effective- 
ness of selection. There is no doubt that selection has been effective in 
the past, but the important question of whether farm animals may be 
reaching the point where selection will decrease in effectiveness is only 
beginning to be studied intensively. Current work will be reviewed in 
chapters on Selection. Although there is evidence that selection should 
still be effective for most characters, indications are that for at least 
certain characters {e.g., litter size in swine) a ceiling may have been 
approached and that future selection cannot be expected to be very 
effective. Further improvement in these characters will depend more on 
powerful breeding techniques than outcrossing. 

Outcrossing is a useful procedure in cases where it is desired to change 
the type of a herd rather drastically. The necessity for doing this might 
arise because of changes in market demands, changes in fashion, or 
because of previous unrealistic selection standards in a herd. If sires 
of the desired or popular type are available in the breed, they can be used 
in such herds to change the type rather quickly. Sometimes sires more 
extreme in the desired direction than would be desirable in a true breed¬ 
ing strain can be used in the expectation that the “corrective mat¬ 
ings” will result in intermediate offspring of approximately the desired 
type. 

Grading. Grading is the practice of breeding purebred sires of a given 
breed to grade or native females and their female offspring generation 
after generation. 

The first generation offspring carry 50 per cent of the “blood” of the 
pure breed and, depending upon the quality of the original females, can 
usually be expected to be a considerable improvement over their dams. 
The next generation gives offspring with 75 per cent of the hereditary 
material of the pure breed, and in subsequent generations the proportion 
of inheritance remaining from the original scrub females is halved with 
each cross. After five or six crosses of purebred sires the grade animals 
carry 96.9 and 98.3 per cent, respectively, of the “blood” of the pure 
breed and are, from a genetic standpoint, virtually the same as purebreds. 
Most breed associations have closed herd books, not permitting the 
registration of any animals not tracing in all lines of their pedigree to 
registered stock. Thus the high grades are not eligible for registration. 
This is partly to protect the breed from the possibility of grade animals 
introducing undesirable factors into the breed through the tiny fraction of 
native inheritance they still carry. It is partly to protect the interests 
of established breeders in much the same way that patent laws protect 
the interests of inventors. 

New breeds, such as Columbia sheep and Santa Gertrudis cattle, often 
maintain an open herd book and permit the registration of high grades, 
usually subject to inspection for quality and conformity to breed type. 



335 


SYSTEMS OF BREEDING—UNRELATED ANIMALS 



Grading is a process by which a few purebred sires can rather quickly 
transform a nondescript population into a group resembling the pure 
breed. The quality of the resulting grades depends entirely on the 
quality of purebred sires used—the grading process is not a creative one. 

Value of Grading. Many experiments have shown the value of grad¬ 
ing. The second-generation daughters of good dairy sires in an Iowa 
experiment years ago produced 116 per cent more milk than their scrub 


Scrub cow No. 60. Average production 3313.2 
lb. of milk and 178.47 lb. of fat. 


Half-blood Jersey No. 241 out of Scrub 1 
60. Average production 6126.4 lb. of milk a 
348.98 lb. of fat. 


Three-quarter-blood Jersey No. 348, out of h 
blood Jersey No. 241. 


Fio. 112. Results of grading up. (From Iowa Agr. Expt. Sta. Bui. 188.) 


granddams. Essentially similar results with beef cattle, sheep, and hogs 
could be quoted. If superior sires are used in each generation of a grad¬ 
ing program, the grades after several generations are often superior to 
many purebreds. This does not mean, however, that grading is a better 
breeding procedure than purebreeding. Some purebreds have the genes 
that give them the external appearance of purebreds but few genes for 
efficient production. Grading with this type of purebred will not lead 
to improvement, whereas grading with purebreds that have not only the 
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external trademark genes but also a goodly supply of those causing 
efficient production will lead to rapid improvement. The majority of 
our commercial livestock is today produced by grade breeding or cross¬ 
breeding, both procedures being based on the use of purebred sires. 
These procedures will continue to be used so long as the purcbreds them¬ 
selves continue to improve, thus providing a goal toward which grades 
can build. 

Instances are known, however, where selection programs in grade 
herds have been directed toward factors of more productive value than 



FiO. 113. The grade Clydesdale* gelding Major MneFarlanc. champion at the International 
Livestock Show. 1921 and 1923. He is only two generations removed from a cayuse mare. 


in the majority of purebred herds. This has resulted in grade herds 
more productive than a majority, not just an inferior few, of the pure 
breds. There seems no reason to discourage the sale of sires from such 
herds if they are truly superior. 

In the great majority of cases, however, grading should be thought 
of as a breeding procedure for the production of animals for the market. 
The man who eventually aspires to the production of seed stock for sale 
to others may start with grades because of their low cost or to gain 
experience with livestock before making heavy investments in purcbreds. 
He must usually plan on shifting to purcbreds before being able to sell 
breeding stock extensively. 
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A word of caution should be introduced against the use of purebreds in 
grading programs in areas where the particular purebreds used are not 
adapted. Purebred dairy and beef cattle from temperate zones often 
degenerate when used in tropical or subtropical areas, and their offspring 
do not have the vigor and constitution .‘or high production in the warmer 
climate. Sometimes, in such cases, the first crosses, still having 50 per 
cent native genes plus the genes for high production from the introduced 
purebreds, will be a distinct improvement over their native dams. 
Second and later crosses having 75 per cent or more of the pure blood 
may deteriorate rapidly, however. An example of this type of thing is 
shown in Table 29. These data, accumulated under variable conditions 
in several parts of India, indicate that animals with 1/2 to 5/8 imported 
blood produced more milk than those with more imported blood and 
presumably more genes for high milk production. Lack of adaptability 
apparently put a limit on the production of animals with high proportions 
of imported blood. 

Tari.k 29. Aykrac.b Production of Cattle in India Carrying Various Amounts 
of Imported Blood, Mostly Holstbix-Friesian* 


Breeding of cows 

Number of 
records 

Av. amounts 
of milk, lb. 

1/8 imported blood . 

21 

4.839 

1/4 imported hlood.1 

175 

5.982 

1/2 imported hlood.i 

589 

0.977 

5/8 imported hlood. 

204 

0.985 

3/4 imported hlood. 

390 

G.00I 

7/8 imported hlood. 

80 

0.180 


• Adapted from Phillips (1949). Original data published by the Imperial Council of Agricultural 
Research. 

For grading to be successful it is not sufficient to use purebreds indis¬ 
criminately. The purebreds used must have evidenced the ability to 
perform well under the conditions which their offspring will have to meet. 

Crossbreeding and New Breeds. Crossbreeding is the mating of 
animals of different breeds. It is carried on for one of two purposes: 
(1) for commercial production of market animals or (2) to obtain founda¬ 
tion animals for a new breed. The first of these purposes will be treated 
in the next chapter, so we shall limit our discussion here to the function 
of crossbreeding in the formation of new breeds. 

The question of whether we need new breeds or not is controversial. 
Breeders of established breeds usually hold to the view that we already 
have enough breeds and that selection and the application of the proper 
breeding systems can mold them to meet all demands. Certainly there 
is much logic to their argument that the same amount of effort expended 
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on the improvement of an existing breed might be more profitable in 
many cases than the development of a new one. 

Attempts to form new breeds are justified, however, if no existing breed 
satisfactorily meets the needs of a given geographic area or economic- 
situation. Even though selection within an existing breed might even¬ 
tually lead to the development of a new strain with the desired charac¬ 
teristics. the process can be greatly expedited by using a crossbred 
foundation provided there are existing breeds whose crosses approximate 
the desired type. Other matters to be considered are the probable pro¬ 
ductivity of a new breed in relation to the productivity of crosses between 
the two existing breeds and the difficulty of maintaining systematic, 
long-time crossbreeding programs. These questions have been discussed 
in more detail by Warwick (1955) than is possible here. 

The necessity for building new breeds would be considerably lessened 
if existing breed associations would revise their rules to permit the intro¬ 
duction of outside genes where they obviously are needed. 

The extent to which crossbreeding entered into the formation of exist¬ 
ing breeds is often not fully realized. Of the 58 breeds of farm animals 
discussed by Briggs (1949) as being used in America and for which breed- 
registry societies existed prior to 1920, at least 34 are said to have been 
based on crosses, “mingling of blood” or “infusions of blood” of two or 
more older breeds or strains. The formation of new breeds on crossbred 
foundations is thus not new. 

A number of new breeds have been developed within the past 50 years. 
The degree to which each breed satisfies the demand that led to its crea¬ 
tion will determine its ultimate acceptance or rejection. 

New Breeds of Sheep. The sheep industry of our great Western 
range area is built upon a foundation of fine-wool breeding. Fine-wools 
have the vigor, hardihood, and flocking instinct necessary for survival 
on the range, but they are often lacking in size and carcass quality. 
Long-wool and Down breeds of sheep supply the size and carcass quality 
lacking in the fine-wool, and for many years crossbreeding has been used 
extensively for market-lamb production. 

In efforts to combine the good qualities of both types and eliminate 
the need for continual crossbreeding, various new breeds have been 
developed or are in the process of formation. Their rather great public 
acceptance thus far is an indication that the objectives have been at 
least partially realized. 

Crosses made originally in 1912 between Lincoln rams and Rambouillet 
ewes produced foundation stock from which U.S. Department of Agricul¬ 
ture specialists, working mostly at the experiment station at Dubois, 
Idaho, developed the Columbia breed. The Columbia is now an estab¬ 
lished breed with its own registry association. 




Fio. 114. Representative animals of two new breeds of sheep developed from crossbred 
foundations. The Columbia bieed (afore) was developed from crosses of the Lincoln and 
Kambouillet breeds. The Tar ghee ( below) descends from foundation stock with three- 
fourths Kambouillet and one-fourth long-wool breeding. (Courtesy of L'.S. Sheep Experi¬ 
ment Station, Dubois, Idaho.) 
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The Targhee is in the process of development at the Dubois Station. 
It has 3/4 Rambouillet and 1/4 long-wool breeding. 

The Panama has been developed privately by James I.aid low, of 
Idaho. It is based on stock produced by crossing Rambouillet rams on 
Lincoln ewes. The Corriedale, a New Zealand breed of sheep now 


widely raised in the United States, resulted from the use of Leicester 
and Lincoln rams on Merino ewes. 

The development of these and other less-known breeds or strains of 
sheep to fill a particular need illustrates another fact. Two men might 
start to cross breeds A and B to produce a new breed, C. The resulting 
breeds might be very different for a variety of reasons: (1) No existing 




Fio. 115. Front and rear views of a group of fitted Santa Gertrudis hei 
are representatives of the first breed of cattle developed in America. 
Ranch. Kingsville. Texas.) 
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breed is homozygous, so that the stocks they started with would vary; 
(2) they might place emphasis on different qualities in selection: and (3) 
the breeds might diverge after sale to other breeders. 

New Breeds of Beef Cattle. In the Gulf Coast areas of the United 
State® abundant experimental evidence as well as observation by cattle¬ 
men indicates that the three British breeds of beef cattle commonly used 


elsewhere in the United States lack the heat and insect resistance, the 
ability to live on sparse feed, or perhaps some other quality necessary 
for maximum production. Crosses with the Zebu type of cattle (origi¬ 
nally imported from India and known in the United States as “Brah¬ 
mans”) have resulted in cattle with more ability to thrive under existing 
conditions of feed and climate. Experimental evidence is lacking, but 
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pu-e Brahmans are reputed to be lacking in carcass quality. Thus, high- 
grade Brahmans might be no more satisfactory for commercial production 
than the British breeds, although for different reasons. 

Cattlemen are using both Brahman and British blood in continual 
crossbreeding programs, often with satisfactory results. Several new 
breeds based on crossbred foundations are also being developed in an 
effort to use Brahman and British blood without the need for continual 

crossbreeding. 



Fio. 116. A two-year-old Beefmaster heifer with her first calf at the 
calf was raised on the range with no supplemental feeding. (Co. 
Falfurruu. Texas, and Malheson. Colorado.) 


The honor of developing the Santa Gertrudis, the first breed of this 
type (and incidentally the first American breed of cattle), goes to the 
King Ranch, Kingsville, Texas. Established in 1851, the King Ranch 
was originally stocked with “Texas longhorns "-animals able to survive 
under the heat and sparse-forage conditions typical of the huge ranch 
but definitely lacking in carcass quality. The herds were graded up to 
Shorthorns and Hereford® from 1880 to about 1910. Carcass qualities 
improved, but ability to live and grow on the range decreased. Limited 
crosses with Brahman bulls were made during a test period (1910-1918) 
These were so promising that the development of a new breed containing 
3/8 Brahman and 5/8 Shorthorn bloods was started. After more than 
30 years of development the breed is now in wide use. A breed associa- 
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j" 195L In 1954 - 13 > 8 58 animals were classified. 
(See Rhoad, 1949 and 1955, for details of breed history.) 

Numerous other strains containing Brahman blood are being developed 
in the South Among these the Beefmaster, developed by the Lasatcr 
Ranch of Falfunas, Texas, from Shorthorn, Hereford, and Brahman 
stock the Brangus, developed from Brahman X Angus crosses; and the 
Charbray, developed from the blood of the Brahman and the French 
Charollais breed, have received most publicity. 

These breeds, and others, all attempting to combine the qualities of 
different types to produce new strains adapted to beef production under 
ngorous environmental conditions, are now undergoing extensive trial. 
I heir ultimate usefulness will depend upon how closely their performance 
approaches that of the initial crossbreds. If the new strains can be made 
to maintain as high a level of productivity as crossbreds between the 


Table 30. Gains of Bulls and Heifers of Several Breeds and Crosses durino 
a 140-day Test at Bluebonnet Farm, McGregor, Texas* 


Breed or cross 

Bulls 

Heifers 

No. 

fed 

Av. daily 
gain 

No. 

fed 

Av. daily 
gain 

Hereford. 

16 

2.14 

33 

1 82 

Brahman. 

14 

2.06 

15 

1.54 

Hereford X Brahman. 

6 

2.52 

36 

1.79 

Santa Gcrtmdis.1 

6 

2.66 

17 

1.79 

Charbray. 

3 

2 50 

32 

1 Q1 




i . 


• Adapted from Ttx. Agr. Bxpi. Sla. Mite. Pub. 124. 1955. 


parent breeds, their future is assured. If, however, subsequent genera¬ 
tions lose a great deal of the apparent hybrid vigor of the initial crosses, 
crossbreeding for commercial production will continue in the area. 

Experimental data comparing the performance of animals of these 
new beef breeds is limited as yet, but several feed-lot tests have shown 
some of them to have excellent gaining ability. Table 30 gives some 
results from one recent test. 

The results in Table 30 should be interpreted with caution since they 
show rate of gain only and tell nothing about other productive characters 
or carcass quality. 

In quite recent years experimental work has been undertaken to 
determine whether the blood of a Zebu breed, the Red Sindhi, developed 
for dairy purposes in India, will result in the production of better dairy 
cows for the Gulf Coast area when crossed with dairy breeds now com¬ 
mon in this country. Crosses are also being made between cows showing 








Fio. 117. A Landrace boar. Animals of this breed were imported to the United Statos in 
1934 and have served as one parental type in several new breeds of swine developed from 
crossbred foundations. (Courtesy of Animal and Poultry Husbandry Research Branch, U.S. 
Department of Agriculture.) 
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good dairy character from beef-type Brahman herds and dairy breeds. 
If these initial crosses are promising, efforts will probably be made to 
develop dairy strains incorporating Brahman blood. 

New Breeds of Swine. 1 All common American breeds of hogs except 
the Berkshire, the Yorkshire, and the Tamworth were developed in this 
country from various mixtures and crosses during the nineteenth century. 
These breeds have been well established for so long that many breeders 
overlook their crossbred origin. 

A number of strains, some of which can now be classed as breeds, 
have been developed since 1934. In that year the U.S. Department of 


Agriculture imported Landrace hogs from Denmark. Most of the new 
strains contain blood of this bacon breed. 

The Landrace has been bred in Denmark for over 40 years under a 
systematic progeny-testing system which is described in some detail in 
the chapter on Hogs. The breed appeared to have developed certain 
characters, including length of body, well-developed hams, prolificacy, 
and ability to gain rapidly and efficiently, which would make them useful 
in this country. Under terms of the original agreement with the Danish 
government the purebred Landrace stock could be raised in this country 
not by individuals but only by certain experiment stations. The agree¬ 
ment has since been modified and Landrace hogs are being raised by 
individuals. 

Partly because of the original agreement and partly because some 

1 See U.S. Dept, of Agr. Farmers* Bui. 1263 for more details on new swine breeds. 
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characteristics of the Landrace, such as weak feet and legs, white color, 
sparse hair, and sagging backs, were considered undesirable for American 
conditions, efforts were begun to form new strains combining the good 
characters of the Landrace with the darker colors, stronger feet and legs, 
and other desirable characters of American breeds. 

Thus far several of the new strains have been released and are being 
used commercially. The Hamprace (also sometimes known as the 
Montana No. 1) was developed at the U.S. Range Livestock Experiment 
Station, Miles City, Montana, by the U.S. Department of Agriculture 
and the Montana Agricultural Experiment Station. Solid black unbelted 
segregates from purebred Hampshire herds and Danish Landrace animals 
provided the original stock. These breeds were crossed, and the new 



Fiu. 118. The grandmother of the Montana No. 1. This black sow was from a aecoud- 
genoration litter of the Landrace X Hampshire cross. In 8 litters she farrowed 96 pigs and 
weaned 83 at 56 days of nge. The litters averaged 351 lb., or 34 lb. per pig. (Courtesy of 
J. R. Quesenberry. U.S. Department of Agriculture. Miles City, Montana.) 


breed was developed by selection from the F 2 and backcrosses to each 
parent breed. The Hamprace is a solid black hog, much the same type 
as the Landrace. 


The Minnesota No. 1 is a red strain developed by the Minnesota 
Experiment Station from Tamworth and Landrace foundation animals. 
It was the first of these new hog strains to be used extensively. Another 
new strain developed by the Minnesota Station is the Minnesota No. 2, 
developed from Poland China and Yorkshire foundation animals. Min¬ 
nesota No. 2 animals are usually black and white spotted with rather 
more black than white. It does not carry Landrace blood and was 
developed primarily to use in crossbreeding with the Minnesota No. 1. 

The U.S. Department of Agriculture developed seven new strains 
carrying Landrace blood at the Beltsville, Maryland, Research Center. 
Two of these, the Beltsville No. 1 (Landrace-Poland China foundation) 





Fig. 119. Top. a boar of the Beltsville No. 1 breed developed by the U.S. Department of 
Agriculture from Danish Landrace X Poland China crossbred foundation stock. Center 
a sow of the Maryland No. 1 breed developed cooperatively by the U.S. Department of 
Agriculture and the Maryland Agricultural Experiment Station at Blakcford Farms 
Queenstown. Maryland from Landrace X Berkshire crosses. Below, a crossline animal 
produced by crossing the Beltsville No. 1 and another new breed, the Beltsville No. 2. 
(Courtesy of Animal and Poultry Husbandry Research Branch. U.S. Department of Agriculture.) 
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and the Beltsville No. 2 (Landrace-Hampshire-Duroc-Yorkshire founda¬ 
tion), are in commercial use. Several other new strains are being 
developed by state experiment stations and private individuals. 

The Inbred Livestock Registry Association of St. Paul, Minnesota, is 
registering animals of the new strains as well as a few inbred animals’ of 
older-established breeds. The association registered 3,130 animals in 
1954. 

Most of the new strains have been inbred to a considerable extent as 
they have developed, and most of them now have average inbreeding 
coefficients of 25 to 40 per cent. Thus they already have considerably 
more homozygosity than most established breeds. They might as well 
be considered inbred lines as breeds. They have been developed pri¬ 
marily for commercial use in crosses with each other and with other lines 
and breeds of hogs. Their value will be determined by the productivity 
of their crossbred offspring, not by their performance as pure strains. 

In general, the creation of a new breed is something not to be taken 
lightly and should be undertaken only when a definite need is apparent. 
1 he number of new breeds that could be developed is virtually limitless. 
The drawbacks to attempting the development of new breeds are (1) the 
time and expense involved, (2) the large number of animals that should 
be raised to give ample range for selection, and (3) the difficulty that 
might be encountered in selling the new breed to producers even if it 
had real merit. 

In spite of the successes some breeders have had in establishing new 
breeds, many failures have been recorded and doubtless many more 
have been forgotten. 

The whole matter of the creation of new breeds is fascinating. Most 
breeders lack the time, capital, and equipment to start new breeds suc¬ 
cessfully and perhaps these fields should best be left to state experiment 
stations or to the U.S. Department of Agriculture. However, breeders 
with the financial resources necessary for success, a sound knowledge of 
the factors involved, and the capacity for experimentation should not be 
discouraged if they visualize a real necessity for a new breed. 

Work of the past few years in the formation of new breeds under con¬ 
trolled experiment-station conditions has done much to refute ideas 
formerly prevalent (1) that use of crossbred animals for breeding purposes 
is followed by wide segregation in economically important traits and a 
general loss in vigor, and (2) that it would be impossible to attain the 
uniformity of an established breed among the progeny of a crossbred 
foundation within the span of a human lifetime. 

Most people working with intermated populations of crossbred animals 
have been impressed by the evidence of segregation. However, from 
published reports Warwick (1955) was unable to find consistent evidence 
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of greater variability among the progeny of crossbred matings in such 
quantitative characters as growth rates, milk and butterfat production, 
and fleece characters than is found in long-established breeds. 

On theoretical grounds we would not expect greatly increased varia¬ 
bility since (1) no farm animals are homozygous for genes influencing 
quantitative traits, (2) such characters are known to be influenced by 
many pairs of hereditary factors, and (3) the}' are influenced by 
environment, usually being only 20 to 50 per cent heritable. 

To emphasize these points let us assume that the two foundation 
breeds crossed were each completely homozygous—one for all the plus 
genes affecting a character such as size, and the other for all the minus 
genes, and that the character is not affected by environmental differences. 
The F\ would be completely heterozygous but would exhibit no variation. 
Different genotypes would be formed in the Ft according to the expansion 
of the binomial (a -f b)*, where a represents genes from one parental 
breed, b genes from the other parental breed, and n the number of pairs 
of genes involved. If only two pairs of genes were involved, 1/4 of the 
F t individuals would be as extreme as each parental breed, and variability 
would be readily apparent. However, if as many as ten pairs were 
involved, only 1 in 2,048 of the Ft individuals would be this extreme and a 
high proportion would be near the F\. With the usual small populations 
found in farm animals the probability of the extreme types being pro¬ 
duced is low. If as many as 30 or 40 gene pairs were involved, variation 
would be even less apparent. Now if we superimpose on this the facts 
that none of the parental types are homozygous and that environment 
does exert an influence on variability of both parental stocks and segre¬ 
gating generations, it is apparent that variability would be little increased. 

This leads to the conclusion that many of the characteristics on which 
ideas of variability are based, such as color, horns, and details of confor¬ 
mation, must be based on the action of relatively few gene pairs and must 
be highly hereditary. They would thus be relatively easy to fix in a 
new breed. 

Available data indicate that new breeds can be made as uniform or as 
nearly uniform in most characters as the established parental breeds in a 
relatively few generations. Thus this is not the problem it was once 
assumed to be in breed formation. / 

Heterosis. The cross of unrelated individuals often results in offspring 
with increased vigor. This may be expressed in a number of ways, 
including a higher percentage living to maturity, faster and more efficient 
growth, or better mothering ability when the crossbreds in turn reproduce. 
The genetic reason for this heterosis, or hybrid vigor, is not known with 
certainty. 

As a species or a breed develops it becomes homozygous for some 
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dominant favorable genes, and probably also for some unfavorable 
recessive ones. Another breed or species would probably not be homo¬ 
zygous for the same undesirable recessive genes. Thus, when two breeds 
were crossed, the cross might be illustrated as A A bb X aa BB, with the 
offspring being A a Bb. Since it carries one dominant of each pair, the 
offspring would be expected to be more vigorous than the parent. This 
explanation of heterosis assumes that it is due largely to covering up the 
effects of recessive genes. 

Another possible explanation of heterosis is that the heterozygote is 
genetically more vigorous than either homozygote; that is, Aa is superior 
to either A A or aa. This situation is spoken of as over dominance. 
Heterosis is probably due in part to the superiority of the heterozygote 
and partly to the presence of favorable dominant genes. 

Species Hybridization. The widest possible kind of outbreeding is 
the cross of two species. A good example of this is the cross between the 
jack of the ass species and the mare of the horse species to produce the 
mule. It seems quite probable that the horse species and the ass species 
have come from common parent stock. In the dim past, natural selec¬ 
tion working on variation (recombinations, mutations, and chromosomal 
aberrations) began to set them off into distinct species. They still have 
many genes in common, but they also have enough different ones so that 
they are recognized as distinct species. Up to now they have enough 
similarity so that the sperm of one will fertilize the ova of the other and 
produce vigorous offspring. The mule has been valued for centuries for 
its ability to work under difficult conditions and to withstand abuse. 

Genetic differences between the horse and the ass are apparently so 
great, however, that the male mules are always sterile and the females 
usually so. The separation of the chromosomes at the time of germ-cell 
formation is usually abnormal, and gametes either are not formed or are 
incapable of fertilization. At least three fertile mare mules have been 
reported, however. In 1920 L. T. Branham, of Montalla, Texas, reported 
that a mare mule in his possession had dropped a living foal to the service 
of a jack. The contention was supported by affidavits of the owner and 
some neighbors. The mare was loaned to Texas A & M College and, 
after failing to conceive when bred to a jack in 1921, dropped a living 
stallion foal in 1923 as the result of being bred to a Saddle stallion the 
year previous. Other fertile mare mules have been reported in Indiana 
and Arizona. 

In all cases these fertile mare mules have bred as if their fertile ova 
contained only horse chromosomes. Thus their breeding behavior has 
been the same as that of mares. They produced foals that resembled 
mules when bred to jacks and foals that were indistinguishable from 
horses when bred to stallions. 
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Fig. 121. Example of an American Bison-rattle hybrid. This female is 1/2 American 
Bison. 1/4 Angus, and 1/4 Holstein. (Courtety of Pierce Rmandtr, Belle Fourche. South 
Dakota.) 


DREEDINO AND IMPROVEMENT OF FARM ANIMALS 


Some other hybrids have been bred, for example: 

1. The hinny is the reciprocal of the mule, being the result of the 
stallion-jennet cross. It is said to resemble the horse more than the 
mule does. It has never become popular in the United States. 

2. The zebroid, a zebra-horse hybrid, is fairly popular in the tropics 
because of its docility and its resistance to disease and the effects of the 
heat. 

3. The pien niu is produced by crossing cattle and the yak in Tibet. 

4. The caltalo is produced by first crossing bison (American buffalo) 
bulls on domestic cows. Males from this cross usually die at birth, but 
females live and are sometimes fertile. They are bred to domestic bulls, 


and their daughters in turn to Bison bulls to produce the callalo. They 
are said to have certain advantages over cattle and may some day become 
popular. 

5.'The humped cattle of India (Zebu) are classed as a different species 
from other cattle. As we have seen, and will discuss further in the next 
chapter, crosses between these two species are quite commonly used in 
southern United States. Their hybrids are perfectly fertile. There is 
some doubt that the two groups should be called different species, and 
their hybrids are usually called crossbreds. 

The sheep and goat are related groups, but apparently not as closely 
related as the above groups. When crosses are made between them 
fertilization sometimes takes place and the embryos develop for a time, 
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but they always die before normal parturition and are resorbed or 

aborted. When crosses are made between other less closely related 

species, fertilization does not even occur. 
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CHAPTER XVII 

CROSSBREEDING AND LINECROSSING 


Crossbreeding is the mating of animals from different established 
breeds. Technically the term applies only to the first cross of purebreds 
but it is generally applied also to the more widely used systems involving 
crisscrossing of two breeds or the rotational crossing of three or more 
breeds and to crosses of purebred sires of one breed to high-grade females 
of another. 

Crossbreeding is primarily a breeding system for commercial produc¬ 
tion. It may be practiced for either or both of two reasons. The first 
reason is to take advantage of any heterosis, or hybrid vigor, which may 
make the crossbreds better and more productive than either of the 
parental breeds, even though the latter are of similar type. This is 
what a commercial hog producer is doing when he uses two or more 
American breeds of hogs in crosses. Although minor differences exist 
between the breeds which originated in the United States during the 
nineteenth century, they can be considered to be of the same basic type. 
The second reason for crossbreeding is to take advantage, as far as possi¬ 
ble, of the good qualities of two or more breeds of distinctly different 
types. This is the type of thing which the Western sheepman is doing 
when he crosses his vigorous, hardy, gregarious Rambouillet ewes to 
Hampshire or Suffolk rams. He hopes to get improved carcass quality 
and increased growth rate in the lambs from their sires while continuing 
to take advantage of the good range qualities and mothering ability of 
the Rambouillet ewes. 

Probable Genetic Bases for Crossbreeding Results. As discussed in 
more detail in the preceding chapter, inbreeding has not been intense 
within the pure breeds of farm animals. Cumulatively, however, over 
the period of perhaps 25 to 50 or more generations since the herd books 
were closed in most popular breeds, the increase in inbreeding levels has 
been appreciable. While much genetic variability remains, the increase 
in inbreeding has undoubtedly resulted in the fixation in homozygous 
form of some undesirable recessive genes in most, if not all, individuals 
of each breed. Similarly, one or the other allele of some gene pairs 
exhibiting overdominance or heterozygote superiority may have become 
fixed in most breeds. 
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The foregoing leads to the supposition that in a very mild way breeds 
may exhibit the same characteristics as inbred lines. Since the outstand¬ 
ing outward effect of inbreeding is to lower performance, especially for 
certain traits, we could well expect animals of the various pure breeds to 
have somewhat less than maximum performance levels. 

Due to the random nature of gene fixation with inbreeding, it would be 
very unlikely that the different breeds would have the same undesirable 
alleles fixed in homozygous form. This would be most true of long- 
separated breeds with diverse origins and less true of breeds developed 
from similar foundations within comparatively recent times. Crossing 



Fio. 122. Loyal Alumnus 4th. the Grand Champion Steer at the 1941 International Live¬ 
stock Exposition. This steer was out of a Shorthorn cow by an Angus bull. (Courtesy of 
Animal Husbandry Department, Purdue University.) 


breeds would both cover undesirable recessive genes and increase hetero¬ 
zygosity. Since both these things are probably important as bases for 
heterosis, the performance of crossbreds would be expected to exceed 
that of the purebred parents to some degree. The increased performance 
should be most marked in those traits most depressed by inbreeding, 
i.e., (1) reproductive qualities as measured by fertility and fecundity of 
both sexes and by maternal qualities of females, and (2) vigor as meas¬ 
ured by mortality rates. Greatest increases in performance would be 
expected from crosses of breeds having the greatest diversity of origin. 

Inbreeding levels are still relatively low in most breeds. Also, most 
popular breeds have reasonably good performance characteristics for 
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most important traits, else they would probably not be widely used. 
Therefore the theoretically expected increases in performance with 
crossbreeding are relatively small. 

Experimental results, as reviewed in the sections which follow, are in 
general accord with theoretical expectations. Although data are too 
scant for drawing sweeping conclusions in many cases, crossbreds have 
usually exceeded the average performance levels of the parental pure- 
breds by margins which are relatively small on a percentage basis but 
are often large enough to be economically important. Increases have 
been most important in the characters most depressed by inbreeding. 

The small increases from crossbreeding often represent large increases 
in net income from a commercial livestock enterprise, i.e., they can be 
obtained with little or no additional expenditure. Thus the small 
increases take on added significance when it is realized that an increase 
of perhaps 3 per cent in total production might well represent an increase 
of 50 or even 100 per cent in net income. 

Heterosis may be apparent in single characters, or it may be a function 
of crossbreds having a more nearly optimum combination of desired 
characters than either of the parental breeds. There is no one breed 
of any species that excels in all desired traits. Most traits of productive 
importance exhibit a degree of dominance. This leads to the supposition 
that judicious crossing of breeds that complement each other might 
result in performance somewhat above the parental averages for each 
trait and considerably above either parental average in total produc¬ 
tivity. Much more experimental work is needed in all species before it 
will be possible to delineate with any degree of precision the usefulness 
of various breeds in specific crosses. 

Advantages from crossing of breeds or inbred lines of farm animals 
appear to be of sufficient importance that commercial producers should 
give serious consideration to the development of systematic crossing 
programs if maximum performance is to be attained. This is particu¬ 
larly true of the species with higher reproductive rates. This is not to 
say that crossing is necessarily best for all situations. Crossbreeding has 
been a controversial subject among breeders, commercial producers, and 
scientists. As with most controversial subjects, it is probable that no 
one general recommendation will cover all cases. We have attempted 
to review the experimental evidence and also to point out gaps in our 
knowledge. Each producer must weigh the facts and himself decide 
whether crossing will have advantages over other breeding systems for 
his particular situation. 

Crossbred animals usually exhibit a mixture of the breed trademarks 
of the parental breeds. For some people this reduces the satisfaction 
they get from raising livestock to the point where they abhor crossbreed- 
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ing regardless of its economic merits. Most people, however, will make 
their decision regarding crossbreeding largely on the basis of whether or 
not they think it will pay. 

Crossbreeding Hogs. Crossbreeding for commercial production has 
been practiced more extensively with hogs than with any other class of 
farm animal. It is estimated that two-thirds to three-fourths of the 
market hogs in the principal corn-belt states are crossbreds. Much 
experimental crossbreeding work has been done with hogs, and most of 
it shows small but often economically important advantages for cross¬ 
breds. Most workers in the field have recommended the practice. 

Other interpretations have differed. The ideal crossbreeding experi¬ 
ment is one in which both purebreds and their crosses are raised at the 
same time and under the same conditions. If the experiment includes 
females of only one of the pure breeds, it is always possible that the boars 
used for the production of crossbred offspring may be of a better breed 
or of an outstanding strain of their breed. The crossbreds will then be 
superior merely because they carry 50 per cent of their inheritance from 
these superior boars. 

Using only data from crossbreeding experiments where both parental 
breeds and their crosses were involved, workers at the Illinois Experiment 
Station summarized the results of numerous experiments involving more 
than 50,000 animals. They took the following as their point of reference: 
“For crossbreeding to be judged beneficial, the performance of the cross¬ 
breds must exceed the performance of the better of the two parental 
strains of purebreds.” They considered the various items of productive 
importance shown in Table 32 one by one. In only one item, average 
daily gain, did the crossbreds exceed the better purebred, and this by 
only 0.006 lb. per day. 

While agreeing with the basic premise of these workers that crossbreds 
must exceed the best of the parental breeds, we believe their analysis is 
logically faulty for the following reasons: 

1. When two breeds, say, Poland Chinas and Durocs, were being com¬ 
pared with their crosses the crossbreds of each year were compared with 
the breed which was best that year. Now if we assumed that the two 
breeds were equal in performance, it is obvious that due to chance one 
or the other will be ahead each year. The crossbreds, to show superiority 
in this type of analysis, thus have to be not only better than the purebreds 
but enough better to offset this bias in the selection of the best "purebred . 

2. The individual items considered are cumulative in their effects. 
Even though the crossbreds were not superior to the best purebred in any 
one item, still in a measure of total productivity they might be distinctly 
better. This is illustrated in the hypothetical case given in Table 31. 
Since Carroll and Roberts compared the crossbreds with the best-per- 
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forming purebred separately for each of the six traits studied, the cross¬ 
breds were compared with one parent for some traits and with the other 
parent for other traits. Thus, as put by Whatley et al. (1954), the cross¬ 
breds were compared with a “composite purebred’* that did not exist. 


Table 31. Hypothetical Crossbreeding Results with Swine 



Purebred 

A 

Purebred 

B 

Crossbreds 

Av. no. pigs farrowed. 

10 0 

n 


Per cent surviving. 

70 


o. o 

80 

Av. no. pigs alive, 180 days of age. 


5.4 

6 8 

Av. wt. per pig at 56 days of age . 

30 

40 

35 

Av. daily gain, 56 to 180 days_ 

1.2 

1 .6 

1.5 

Av. wt. per pig, 180 days. 

178.8 

238.4 

221.0 

Av. wt. per litter, 180 days. 

1251.6 

1287.4 

1402 8 


In the hypothetical example of Table 31 the crossbreds did not exceed 
the best purebred in any of the single items used to measure productivity. 
In litter weight at 180 days of age, however, the cumulative effect of the 
crossbreds being above the average of the purebreds for the individual 
items is felt, with the result that the crossbreds have an advantage of 
8.9 per cent. 

In view of the above considerations we believe it is fairer to compare 
the crossbreds with the average of the purebreds, as has been done in 
Table 32. This summary indicates small advantages for the crossbreds 


Table 32. Summary of Results from Many Swine Crossbreeding Experiments* 


Character 

Better 
purebred f 

Poorer 

purebredf 

Crossbred f 

Av. of 
purebred 
parents 

Per cent by 
which 
crossbreds 
exceed av. of 
purebreds 

Size of litter. 

10.1 (1.538) 

9.4 (1.081) 

95 (1.515) 

9.75 

gjgm 

Av. birth wt.. lb. 

2.9 (1.728) 

2 65 (4.176) 
72 (15.874) 

2.79 (6.137) 
80 (9.935) 

2.775 

'it- Wt** \ MTV: 

Per cent survival. 

80 ( 8.288) 

76 


Av. weaning wt.. lb. 

33.4 (15.522) 

31.7 (8.133) 

33.3 (9.519) 

32.55 


Av. daily gain, lb. 

1.43 (489) 

1.32 (574) 

1.43 (794) 

1.37 


Feed per cwt. gain, lb. 

340 (366) 

382 (274) 

368 (591) 

374 

HUH 


• Adapted from III. Agr. EzjX. S(a. Bui. 489. 1942. 

f Figures in parentheses show number of pigs or litters involved in each case. 


in all items except number of pigs at birth. The advantage of 5.3 per 
cent in survival more than offsets this, so that a larger average number 
of crossbred pigs were raised. This, together with the advantages of the 
crossbreds in weaning weight, in average daily gains after weaning, and 
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in efficiency of gain, means that there would have been an appreciable 
advantage for crossbreds in litter weight and cost of production. 

Use of Crossbred Females. The discussion thus far has been on crossing 
purebred sires of one breed with purebred or high-grade dams of another 
breed. Systems which involve the use of single- or multiple-cross sows 
are much more practical and widely used. While the practice of using 
crossbred sows was formerly frowned upon and considerable prejudice 
still exists against it in certain quarters, experimental work during the 
past 20 years has shown conclusively that crossbred sows exhibit heterosis 
in their ability to raise pigs. Using them as mothers thus permits the 
producer to take advantage of heterosis in this important character as 
well as in rate of gain, survival, and efficiency of gain. Furthermore, no 


Crossbreds! 100% 
A 68.5 
B 31.5 


r B 


| Crossbreds/ 100% 
A 37.5 
B 62.5 


' Crossbreds 
A 75 
iB 25 


fA 

100 % 


B 

100 % 


'Crossbreds 
A 50 
i B 50 


A 

^ 100 % 


Fio. 123. Diagram of crisscrossing. 


one has demonstrated an undesirable decrease in uniformity of type in 
progeny of crossbred sows. 

To take advantage of the heterosis both in the growing pig and in the 
sow without having to start over periodically with purebred females, 
workers at the Minnesota Experiment Station suggested systems known 
as crisscrossing and triple , or rotational , crossing. In crisscrossing, sows 
of breed A are mated to a boar of breed B. Crossbred gilts from these 
matings are then selected and bred back to a boar of breed A, selected 
females from these matings being mated to boars of breed B, and so on. 

In getting started on a crisscrossing program a backcross, that is, 
mating crossbred gilts to boars of the breed of one of their parents, is 
necessary. 

It is seen from Fig. 123 that the crossbreds in a crisscrossing system 
soon come to have about 2/3 of their inheritance from the breed of their 
immediate sire with 1/3 from the other breed being used in the system. 
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Another system of continuous crossbreeding involves the use of three 
pure breeds and is known as triple, or rotational, crossing. In this system 
boars of breed B are bred to sows of breed A, their selected crossbred 
gilts to boars of breed C, the female offspring of these matings to boars 
of breed A, with boars of breeds B and C being used in turn. As seen in 
Fig. 124 the crossbreds soon come to have about 4/7 of the inheritance 
of the breed of their immediate sire, 2/7 from the breed of their maternal 
grandsire, with 1/7 of the hereditary material of the other breed being 
used. The Minnesota results from crosses of this kind are shown in 
Table 33. 

Theoretically, after the first few generations the pigs from a crisscross¬ 
ing program will exhibit about 2/3 as much heterosis as first crosses 
between the two breeds. This follows from the fact that crosses will be 


B 

C 


C 

100 % 


Crossbreds | 
A 15.6 
28.1 
56.2 


Crossbreds 
A 31.25 
56.25 
12.5 


B 

C 


B 

100 % 


Crossbreds 


A 

B 

C 


62.5 

12.5 
25 


A 

100 % 


Crossbreds 
A 25 
B 25 
VC 50 


C 

100 % 


Crossbreds 
A 50 


B 50 


B 

100 % 


A 

100 % 


Fio. 124. Triple, or rotational, crossing. 


between purebred sires and sows carrying about 2/3 of their genes from 
the other breed. Similarly, in rotational crossing, the crosses will be 
between boars of one breed and sows carrying only about 6/7 of the blood 
of other breeds, giving about 6/7, or about 86 per cent, as much heterosis 
as first crosses. 

In both these systems, however, heterosis in both the pig itself and the 
dam is utilized, thus leading to the supposition that total production 
may be as great as or greater than in first crosses. 

Data in Table 34 from the Ohio Agricultural Experiment Station 
indicate that their results from rotational breeding were good. In the 
experiments from which these data were taken, work was done on three 
farms with the original sow herd and all the purebreds on each farm were 
of one breed. Each of the three farms had a different breed. Boars 
of the three breeds represented by the sows were used in a rotational 
breeding system on each farm, and purebreds were raised each season for 
comparison with the various types of crossbreds. Thus, in spite of the 
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fact that all purebreds and crossbreds were not raised on the same farm, 
approximately equal proportions of purebreds and crossbreds were raised 
in each season on each farm, and the data are definitely comparable. 


Table 33. Advantages of Crossbred Swine over Purebreds 
in Minnesota Work* 



First cross 

Three-breed 

cross 

Back cross 

Farrowing results: 

No. of live pigs. 

0.93 

0.05 

2.83 

-0.60 

0.33 

5.00 

39 00 

0.12 

12 68 

17 

1.66 

0.01 

4.38 

0.39 

2.05 

5.00 

96 00 

0 11 


Birth wt. per live pig, Ih. 

Wt. of live pigs per litter.| 

Nursing period: 

No. lost per litter. 

-V . Ii7 

0.37 

2.53 

0.87 

0.68 

7 on 

Litter size at weaning. 

Wt. per pig at weaning, lb.... 

Total litter wt., lb. 

#. uu 

fit no 

Feed-lot period: 

Daily gain, lb. 

n id 

Less feed per 100-lb. gain. 

V. 1 1 

16.21 

17 

35.66 

U. H 

19 1 A 

Birth to 220 pound weight: 

Fewer days to reach 220 lb. 

1 &. IO 

22 

26.73 

Fewer lb. feed per 220-lb. pig. 

27 90 



• From Minn. Agr. Bxpt. Sta. Spte. Bui. 180. 1930. 


Table 34. Average Litter Performance of Purebreds, Crossbreds, Three- 
breed Crosses and Advanced Generations of a Rotation Crossino Program* 


Type of litters 

No. litters 

Av. no. pigs 
raised 

Av. wt. per litter 
at 180 days 

Gilt 

Sow 

Gilt 

Sow 

Gilt 

Sow 

Purebred. 

56 

46 

5.7 

6.7 

931 

1,319 

Crossbred. 

16 

23 

5.0 

7.2 

936 

1,463 

Three-breed cross. 

8 

6 

7.6 

7.4 

1,344 

1,580 

Advanced generations!. 

33 | 

14 

7.1 

8.0 

1,272 

1,722 


• Adapted from Ohio Ezpt. Sta. Bui. 675. 1948. 

f The third, fourth, and later generations of pics produced by a rotation crowing program. 


As a general conclusion from the Ohio work it was stated: 1 

Although the data are not regarded as providing the final answer, they suggest 
that unless or until a better plan of breeding for the production of market hogs 
is developed, rotating purebred sires of three or more breeds on successive genera¬ 
tions of sows selected from the herd is worthy of consideration. 

1 Ohio Agr. Expt. Sta. Bui 675, 1948. 
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The preponderance of evidence indicates that, on the average, there 
are advantages in crossbreeding hogs, and suggests that the Middle 
Western hog raiser is on sound ground in producing such a large percent¬ 
age of crossbreds. 

The reader is urged to observe certain cautions in interpreting the facts 
presented on crossbreeding. First, the results quoted are average 
figures based on relatively large numbers in most cases. In individual 
cases there may be no advantage for crossbreeding. For example, in 
the Ohio work quoted above, 19 crops of pigs were produced. In 15 of 
these the number of pigs raised per litter favored the crossbreds, in 16 the 
crossbreds gained more rapidly than purebreds, and in 18 the average 
180-day weight per litter favored the crossbreds. In other cases differ¬ 
ences favored purebreds. 

As a second consideration, the reader is urged to remember that cross¬ 
breeding is no substitute for good management, nutrition, and disease 
control. The average advantages for crossbreeding are relatively small, 
and neglect of any one of the above items could quickly result in more 
loss than any conceivable gain from crossbreeding could repay. 

A third factor, which should not be overlooked, is that the results from 
crossbreeding depend as much on quality of sires used as they do in any 
other breeding system. The consistent use of sires bred for performance 
could easily result in a grade or purebred herd with higher average pro¬ 
ductivity than in a herd where mediocre sires had been used in a criss¬ 
crossing or rotational breeding scheme. 

To obtain maximum benefits, producers who intend to use a cross¬ 
breeding system must follow a definite plan which fits in with their hog- 
management system. There are no practical difficulties in producing 
replacement sows and at the same time following a systematic crossing 
program with hogs. Quite commonly commercial hog producers keep 
sows for only one, two, or perhaps three pig crops, then market them all 
and replace the entire herd with gilts. The high reproductive rate of 
hogs permits selecting the necessary number of replacement gilts from 
one pig crop. Boars of the proper breed can be purchased to use on each 
group of gilts saved. 

Crossing Hogs of Different Types. Thus far we have discussed cross¬ 
breeding largely as it applies to crossing hogs of the same general type 
for the purpose of utilizing heterosis. Hog breeds do differ in various 
qualities of economic importance. These differences are often particu¬ 
larly marked between bacon and lard breeds, the former usually having 
a superiority in terms of litter size raised and the latter in rate of growth. 

Crosses of lard-breed boars on sows of bacon breeds are often made 
for the purpose of taking advantage of the best qualities of each type. 
The results shown in Table 35 of work conducted a number of years 
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ago at the Miles City, Montana, Station of the U.S. Department of 
Agriculture illustrate the possibilities. The Yorkshire dams, on the 
average, raised more pigs per litter than the Chester Whites, while the 
pure Chester Whites had faster growth rates than the Yorkshires. 
Crosses of Chester White boars on Yorkshire females gave litters as large 
as the purebred Yorkshires (actually slightly larger) and growth rates 
slightly higher than those of purebred Chester Whites. 


Table 35. A Comparison of Two Types of Purebred Swine 
and Their Crossbreds* 


Matings 

No. 

of 

litters 

1 No. of 

' P'RS 
far¬ 
rowed 

Purebred Yorkshires. 

38 

10.6 

Purebred Chester Whites- 

36 

9.8 

Yorkshire male X Chester 



White female. 

29 

9.9 

Chester White male X York¬ 



shire female.i 

29 

10.1 


• From loiea Aqt. Ex pi. Sla. Bui. 380. 1939. 


Birth 

wt. 

No. 

weaned 

Wt. 

70 

days 

Daily 

gain 

Feed, 

100 -lb. 

gain 

2.40 

7.6 

38.4 

na 

375 

2 38 

6.6 

39.4 

m 

403 

2.49 

7.4 

42.7 

1.35 

371 

2.42 

8.0 

42.8 

1.33 

370 


Breeds undoubtedly differ in their crossing ability. A more accurate 
and complete knowledge of their values in this regard awaits more 
experimental work. 

Crossbreeding Sheep. Crossbreeding has been widely practiced with 
sheep in the Western states in efforts to improve the size and carcass 
quality of lambs from fine-wool ewe flocks. Table 36, prepared from 


Table 36. Growth and Quality of Lambs from Rambouillet Ewes 
by Sires of Various Breeds* 

(Six-year average 1928-1933) 


Breed of sire 


No. 

lambs 


Hampshire. 144 

Suffolk. 138 

Shropshire. 135 

Southdown. 141 

Rambouillet.j 146 



Appraised 
value per 
lamb 

*6.71 

6.51 
6 46 
6.00 

5.52 


Live Per cent 
grade lambs 
index f marketed J 




• Adapted from Calif. Apr. Expt. Sla. Bui. 598. 

t The live-grade index and carcass-grade index are measures of quality determined by assigning an 
arbitrary value to each grade (Choice 5. Good 4. Medium 3. and Common 2) and calculating the average. 
$ Only the lambs grading Choice, Good, or Medium were marketed. 
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California results, is typical of the results of such crosses when lambs are 
raised under good feed conditions. Hampshire and Suffolk rams sired 
faster-gaining lambs than the Shropshires, Southdowns, or Rambouillets, 
while all the lambs sired by Down rams graded higher than those sired 
by Rambouillets, both on foot and in the carcass. Among the Down 
breeds, Southdown rams sired lambs that were outstanding in live and 
carcass grades. 

Under sparse range conditions experiments in Montana and New 
Mexico have shown no appreciable advantage, in either weight or grade, 
for lambs sired by Down rams over those sired by straight Rambouillets. 
Obviously, under conditions such as these the producer would incur all 
the disadvantages of crossbreeding with no increase in value of product 
produced. Thus there would be no reason for crossbreeding. 

Under good range conditions, however, the practice of crossbreeding 
is to be encouraged if market conditions are such as to make the practice 
a profitable one. This will usually be the case only when range condi¬ 
tions are good enough to produce a high percentage of lambs that are 
fat enough for slaughter at weaning. There is, however, a good demand 
for black-faced crossbred lambs as feeders. Crossbred ewes, either black¬ 
faced (Hampshire or Suffolk X Rambouillet) or white-faced (mostly 
Corriedale, Lincoln, or Columbia X Rambouillet), are usually in demand 
for replacement ewes in areas where conditions are good enough so that 
virtually all lambs can be sold fat. In such areas, including the Pacific 
Northwest, the spring-lamb belt of Kentucky, Tennessee, and surround¬ 
ing states, much of California, and other areas to a lesser extent, it is 
usually more profitable to sell fat lambs and buy all replacement ewes. 

Thus the question of whether a range sheepman should crossbreed 
depends to a large extent (1) on his feed conditions and (2) on the prob¬ 
able market outlets. 

In the areas with better-than-average feed conditions where crossbred 
ewes are in demand as replacements, sheepmen have a feeling that the 
crossbreds are better lamb producers when bred to Down rams than are 
straight Rambouillets. There is some experimental evidence to sub¬ 
stantiate this. 

In the Southern spring-lamb area the early rapid-growing ewe lambs 
sell to advantage for slaughter. The sheepman generally has three 
possible sources of replacement ewes: (1) retaining his top ewe lambs in 
spite of their high market value, (2) retaining the late or slow-growing 
and lower-valued cull ewe lambs from his own flock, or purchasing such 
ewes from neighboring breeders, or (3) purchasing replacement ewes 
from outside his area. Ewes available for purchase are predominantly 
Western ewes of Hampshire or Suffolk X Rambouillet (black-faced 
crossbreds), Corriedale or Columbia X Rambouillet (white-faced cross- 
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breds), or grade Rambouillet breeding. These are commonly bred to 
Down-type rams. A number of experiments in this area (see Kincaid 
and Carter, 1953, for references to other work as well as a report of their 
own results) have shown that the Western crossbreds are approximately 
equal in productivity to selected grade or crossbred natives and are 
distinctly superior to native ewes developed from cull or late ewe lambs 
and to native ewes of nondescript breeding. Western crossbreds are 
usually preferred to grade Rambouillets in this area. 

Crosses between Down Breeds. Relatively little work has been reported 
on crosses between different mutton or Down breeds of sheep that are 
basically of similar type. Miller and Dailey (1951) reported tests in 
Minnesota in which purebred Shropshire, Columbia, and Hampshire 
ewes averaged 19 per cent greater weight of lamb production per 100 lb. 
of ewe when producing crossbred lambs as compared with purebreds. 
Part of the advantage came from greater survival of the crossbred lambs 
and part from faster growth. In some of the cases ewes were bred for 
crossbred lambs to rams of breeds for which no ewes were available, so 
direct comparison of crossbred with both parental breeds is not possible. 

A preliminary report' of a seven-year crossbreeding study at the 
U.S. Department of Agriculture Research Center, Beltsville, Maryland, 
indicates that Hampshire, Shropshire, and Southdown ewes weaned 
16 per cent more pounds of lamb when bred in two-way crosses than 
when raising purebred lambs. Mortality of the crossbred lambs was 
lower by more than 9 per cent, and the lambs were 5 lb. heavier at 
140 days of age. Yearling crossbred ewes produced 10 to 15 per cent 
more wool than purebreds. Over a four-year period all possible three- 
way crosses (all lambs out of crossbred ewes) between the Shropshire, 
Hampshire, and Southdown breeds exceeded the average production of 
purebreds of the three breeds by more than 20 per cent, with lamb sur¬ 
vival again an important factor. 

Most flocks are relatively small in areas where these breeds are most 
widely used for commercial production. Maintenance of systematic 
two- and three-breed crossbreeding programs would be difficult in these 
flocks. However, if further work should confirm the results of the two 
trials reported, owners of such flocks would be well advised to consider 
crossbreeding programs seriously. 

Crossbreeding Beef Cattle. As compared with other classes of meat 
animals, relatively little experimental work has been done on crossbreed¬ 
ing between the Hereford, Shorthorn, and Angus—the three British 
breeds of beef cattle which predominate in the United States. Experi¬ 
mental work to date has yielded conflicting results. 

Workers at Miles City, Montana, Station compared purebred Here- 
l Agr. Res., January, 1956, pp. 19-11. 
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fords with animals produced by using Shorthorn, Angus, and Hereford 
bulls in a rotation crossing system starting with Hereford cows similar to 
those used as foundation stocks in the purebreds. Results of this work, 
summarized in Table 37, indicate considerable advantage for the animals 
produced in the crossbreeding program, particularly in the second and 
third generations, where the calves were out of crossbred cows. The 
crossbred females proved to be excellent range cows. They raised a 
slightly higher-percentage calf crop and produced heavier calves at 
weaning than purebred Herefords. 


Table 37. Triple Crossino in Beef Cattle* 



Average of two-year results in each generation 

1 st generation 

2 d generation 

3d generation 

Cross¬ 

breds 

Pure¬ 

breds 

Cross¬ 

breds 

Pure¬ 

breds 

Cross¬ 

breds 

Pure¬ 

breds 

No. of steers. 

57 

67 

24 

91 

20 

161 

Birth weight, lb. 

84 

79 

79 

81 

82 

81 

Weaning weight, lb.. 

423 

403 


390 

467 

388 

Final weight, lb. 

948 

879 

974 

887 

1,033 

912 

Av. daily gain, lb. 

1.92 

1.75 


1.86 

2.32 

2.10 

Gain per 100 lb., T.D.N., lb. 

18 3 

18 0 

17.4 

18.3 

18.9 

19.0 

Return above feed and marketing 







costs. 

$52.87 

— 

$50 31 

$78.30 

$66 00 

$150.13 

$133.12 


• From (AS. Dept. Agr. Cir. 810. 1049. 


Unfortunately this experiment included only one of the pure breeds, 
the Hereford. The results are quite conclusive in indicating an average 
superiority for the crossbreds over the particular strain of Herefords 
with which they are compared. Although the results were generally 
favorable, it is impossible to state definitely whether favorable results 
were due to crossbreeding or whether the Shorthorn and Angus sires used 
for crossbreeding were superior. Differences between sire progenies in 
both purebred and crossbred groups were observed. Some Hereford 
sires produced purebred calves superior to the average of the crossbreds. 

The results of an Ohio test in which purebred Angus and Hereford 
calves were compared with their reciprocal crossbreds by the same bulls 
are summarized in Table 38. 

In this test the particular Angus cows used were better mothers than 
the Herefords, as indicated by higher weaning weights of both their 
purebred and their crossbred calves. The purebred Hereford calves 
gained somewhat more rapidly on pasture and in the feed lot. Feed-lot 
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gains of the Herefords were more efficient. The crossbreds had somewhat 
higher weaning weights than purebreds from the same breed of cow, and 
in the feed lot they gained as fast as but less efficiently than the best 
purebred. Certainly this experiment gives little evidence for enough 
hybrid vigor to be of practical importance in crosses between the two 
breeds studied. Unfortunately the performance of the crossbred cows 
as mothers was not tested. 


Table 38. Eight-year Summary of Weights, Gain, Feed Efficiency, and Carcass 
Quality of Purebred Angus, Purebred Hereford and Their 
Reciprocal Crossbred Calves* 



Calves from Angus 

cows 

Calves from Hereford 
cows 

Purebred 

Angus 

Crossbred 

Hereford 

X Angus 

Purebred 

Hereford 

Crossbred 
Angus X 

Hereford 

No. calves dropped.1 

101 

94 

104 

102 

No. calves raised to weaning. 1 

91 

92 

97 

94 

Av. birth wt., lb.| 

59 

64 

68 

65 

Av. weaning wt., lb. at 224 days- 

382 

392 

329 

353 

Av. daily gain on pasture, Ib.f. 

0.94 

0.97 

1.08 

1.08 

Feed lot performance 





Av. daily gain, lb. 

1.62 

1.68 

1.66 

1.68 

T.D.N. per 100 lb. gain, lb. 

670 

632 

599 

639 

Slaughter data 





Av. dressing percentage. 

60.3 

60.8 

59.7 

60.3 

Carcass grades 





Choice. 

67 

77 

58 

58 

Good. 

22 

14 

31 

35 

Commercial.. 


1 

2 



• Adapted from Ohio Ret . Bui . 703. 1031. 
f Pasture data 4 years only. 


For the producer of calves for sale as feeders crossbreeding can have a 
distinct disadvantage not brought out by the figures quoted. Crossbred 
calves are often of mixed colors, and their color markings are not typical 
of those of any pure beef breed. Thus crossbreds may appear similar 
in color to animals of scrub breeding. It is difficult to predict the future 
fattening qualities of feeders from their appearance, and the feeder buyer 
relies to a large extent on the conformance of color markings to those of a 
beef breed as an indicator of beef quality. He thus fears that crossbred 
calves have dairy or scrub breeding and discriminates against them. 
This discrimination is often quite serious. For example, in recent years 
in Virginia feeder-calf sales when all calves are graded, crossbreds have 
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consistently sold for $2 to $4 per 100 lb. less than purebreds of comparable 
grade and weight. It thus appears that unless a feeder producer has an 
outlet where no discrimination exists, any advantage of crossbreeding 
can be quickly lost. 

This discrimination ordinarily does not exist for finished cattle which 
packers buy on the basis of finish, quality, and killing yield. 

On the basis of the above discussion it appears that crossbreeding 
among the British breeds produces only a little extra gain in the first 
crosses and is something to be undertaken only after careful study. It 
should be started only if the probable market outlet does not discriminate 
against crossbred calves. More experimental work is needed to deter¬ 
mine the value of crossbred cows as mothers. 

Much crossbreeding of beef cattle is done to combine the good qualities 
of two breeds. Some of this involves crosses of two British breeds. For 
example, producers of commercial cattle with grade Hereford herds may 
feel that Shorthorns are better milkers and may therefore introduce some 
Shorthorn blood into their herds. Such crosses should be made only 
when it is reasonably certain that an advantage would follow. 

Brahman Crossbreds. The most extensive crossbreeding of this type, 
however, is done in the Southern States, particularly in the Gulf Coast 
areas, using the Brahman in crosses with the British breeds. 

Whether due to lack of ability to tolerate heat, to lack of insect resist¬ 
ance, or to lack of ability to subsist on sparse forage, the British breeds 
used almost universally for beef production in other parts of the nation 
do not perform satisfactorily in these areas. The humped Zebu type of 
cattle from India, commonly known as the Brahman in this country, 
introduce hereditary factors that give their crossbreds the ability to 
withstand such conditions. Experimental data available on the per¬ 
formance of the pure Brahman itself are very limited, but it probably 
lacks carcass quality and may not be outstanding in growth rate. Thus 
crosses between these types get vigor and hardihood from the Brahman 
and beef characters from the British types. The crossbreds seem to 
exhibit marked heterosis in the few trials in which they have been com¬ 
pared with both pure breeds (Table 39). 

In most experiments Brahman crossbreds have been compared only 
with grades, purebreds, or crossbreds of British breeding. Table 40 
gives a summary of most known experimental results through 1952. 
Brahman crossbreds have consistently been bigger at birth, heavier at 
weaning, and have had higher dressing percentages at slaughter. They 
have been somewhat inferior as feed-lot animals, on the average, and 
at a year or more of age after a period in the feed lot have been slightly 
inferior as slaughter animals. Observation indicates a greater discrimi¬ 
nation against Brahman crossbred feeder animals than appears justified 
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Table 39. Average Weights of British and Brahman Cattle 
and of Crosses between Them* 


I. Devon—Brahman comparisons 


Age 

Devon 

Brahman 

Crossbred 





No. 

Av. wt. 

Birth 

66 

62 

22 

54 

85 

73 

6 months 

62 

338 

20 

350 

77 

398 

12 months 

49 

481 

19 

520 

67 

597 

Advantages of crossbreds over: 








Av. of parental breeds 

Best parental breed 

Birth 


15 



11 

6 months 


54 



48 

12 months 


98 



77 


II. Angus—Brahman comparisons 


Age 

Angus 

Brahman 

Crossbred 

No. Av. wt. 

No. 

Av. wt. 

No. 

Av. wt. 

Birth 

16 45 


57 


58 

6 months 

6 257 

11 

300 

El 

351 

12 months 

4 | 435 


486 

11 

542 

Advantages of crossbreds over: 







Av. of parental breeds 

Best parental breed 

Birth 


7 



1 

6 months 

72 


51 

12 months 

82 


56 


•Adapted from mimeographed material prepared lor presentation by Ralph W. Kidder and 
Herbert L. Chapman at 1952 meeting of Anaoriation of Southern Agricultural Workers. See Pro¬ 
ceedings. pp. 56-57, for abstract. 


from experimental results. This, however, is a factor to be considered 
by a commercial cattleman. 

It would be expected that the characters introduced by the Brahman 
would be of greater importance for a brood cow than for the first cross 
calves themselves. This appears to be definitely the case. A summary 
of data from experiments where the Brahman X British-type females 
have been compared with the British-type cows shows an average 
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advantage of 81 lb. in weaning weight for the calves of the crossbred 
cows. First-cross cows with 1/2 Brahman blood have been superior to 
1/4 Brahman cows, the latter being superior to British types. 

The foregoing brief summary of existing experimental data is buttressed 
by a wealth of observation in indicating that for the extreme South the 
use of Brahman blood gives higher productivity than presently existing 
British types. This advantage is particularly marked in the performance 
of crossbred cows. Observation also indicates that animals with Brah¬ 
man blood quite commonly have certain disadvantages, the principal 
one of which seems to be their dispositions. On the average there can 
be little doubt that they are harder to handle than British types. This 


Tabi.e 40. Comparative Performance of British Type and Braiiam X British- 
type Crossbreds with All Calves Out of British-type Cows 
(Summary of known experimental data) 


Character 

No. of 

No. of calves 

Av. advantage (+) 
or disadvantage ( —) 
for crossbreds 

experiments 

British 

Crossbred 

Birth weight, lb. 

6 

450 

062 

+6.4 

Weaning weight, lb.*. 

9 

625 

800 

+28.1 

Daily gain in feed lot, lb... 

5 

370 

453 

-0.07 

Dressing percentage 
Slaughter calves. 

3 

165 

106 

+ 1 .0 per centf 

Fed steers. 

6 

317 

363 

+2.7 per centt 


• Considerable variation from experiment to experiment in weaning age; mostly fl to 8 months, 
f Carcass grades also obtained in these experiments, but different grading systems were used, making 
summary difTieult; carcass grades of slaughter calves virtually equal; very slight advantage for British 
types in fed steers. 


can be taken care of largely by adequate equipment. In the future, 
Brahman breeders will doubtless be able to breed more docile strains. 

The commercial cattleman is faced with the problem of how best to 
make use of Brahman blood if he wants to use it. Unfortunately no one 
answer can be given to this problem. Much research is still needed. 
At present much of the use being made of Brahman blood is on a hit-or- 
miss basis that leads quickly to mongrelization. Some producers merely 
run a certain proportion of Brahman and British-type bulls with their 
mixed cow herds. On the average the percentage of Brahman blood will 
reach the desired level with this system, bu£ individual animals will vary 
greatly, and such herds are extremely variable in type. A program 
similar in its effects is to use Brahman and British-type bulls more or 
less at random according to whether the producer thinks he needs one 
type of blood or the other. 

In the past many crossbred Brahman X British-type bulls have been 
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Fig. 125. Ahote. an outstanding Hrahman hull. It dour. a fat crossbred steer whose sire 
was a Brahman and whose (lain was a Hereford. (Courtesy of American Brahman Breeder's 
Association.) 
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used. This practice, if continued, will result in herds of about one-half 
Brahman blood. Little experimental evidence is available regarding 
the productivity which can be expected from this practice. 

The newer strains or breeds containing Brahman blood are being used 
widely. If further results show that their productivity approaches that 
of the actual crossbreds, their use will undoubtedly increase. 

On some Southern farms and ranches rather systematic crisscrossing 
programs using Brahman and British-type bulls alternately are being 
followed As seen in the material on crossbreeding hogs, this system 
soon results in animals varying from about one-third to about two-thirds 
of the blood of the two breeds being used. 

All female replacements can be saved from the herd. The range in 
Brahman blood is rather great but within the satisfactory range for good 
cow performance. 

On other ranches the following system is being used: 

1. On their poorer pastures breeders raise grade Brahmans, selling the 
steer calves for slaughter, either at weaning or off grass without much feed. 

2. Heifers from the grade Brahman herd are put on better pastures 
and bred to the British-type bulls to produce cattle to be finished in the 
feed lot before marketing. 

3. Sometimes the one-half Brahman heifers from this group are back- 
crossed to British-type bulls to get higher-grading feeder calves. 

The two foregoing systems or variations of them are suitable for large 
operations, and on the basis of the present state of knowledge are to be 
recommended for them. Such systems are unsuitable for the smaller 
operator with 20 to 30 cows, that is, for the man with a one-bull herd. 
It is impossible for him to follow a systematic crossbreeding program 
without keeping more bulls than he would otherwise need. 

The small operator who desires to use Brahman blood is therefore 
probably best advised to use either one of the new breeds or crossbred 
bulls. Either procedure will result in a more uniform herd than the 
indiscriminate use of bulls of first one type and then the other. An 
alternative for him, if a satisfactory source of supply is at hand and if 
proper disease-control measures are taken, is to buy crossbred replace¬ 
ment females, breed them to British-type bulls and market all the result¬ 
ing calves. 

In spite of the average superiority of animals with Brahman blood, 
many breeders are successfully raising purebred or grade British types 
in the Deep South. Where adequate feed supplies are available produc¬ 
tion is quite satisfactory. Many small operators could well consider the 
use of a British breed to eliminate the problems involved in crossbreeding. 
If more purebred herds of these breeds were located in these areas and 
selection were practiced for ability to perform, much progress might be 
possible in developing adapted strains. 
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Crossbreeding Dairy Cattle. Less experimental work has been done 
on crossbreeding dairy cattle than with most other classes of farm animals. 
Much of the earlier work (see reviews by Robertson, 1949, and Fohrman 
e l at 1954) was designed to study segregation in the F, rather than per¬ 
formance of the F„ or crossbred animals. No clear-cut cases of heterosis 
or superior crossbred production ability are apparent from records of 

the early trials. , 

Fohrman et al. (1954) have reported in detail on a crossbreeding study 

started by the U.S. Department of Agriculture in 1939. This study 
involved the Holstein, Jersey, Guernsey, and Red Dane breeds. Pure¬ 
bred sires were used in various sequences on two-breed crossbred cows 
to produce three-breed and eventually four-breed crosses. Unfortu¬ 
nately, production data on the purebred foundation cows and purebred 
daughters of the sires used were obtained mostly at field stations or on 
twice-a-day milking, while production records on the crossbreds were 
obtained at Beltsville, Maryland, on three-times-a-day milking. Thus, 
direct comparisons of records of purebred dams with those of their cross¬ 
bred daughters and between purebred and crossbred daughters of sires 
may be misleading. Besides, only a very few sires of each breed were 
used, so the general applicability of the results is uncertain. The cross¬ 
breds, including two-, three-, and four-breed crosses were high producers, 
however, and there are suggestions of hybrid vigor in at least some of 
the crosses. 

La Master et al. (1952) have given a preliminary report of crossbreeding 
work at the South Carolina Station involving Holstein, Jersey, Guernsey, 
and Brown Swiss breeds. Numbers in the experiment thus far are small, 
but records of the crossbreds have been compared with those of their 
dams and maternal and paternal purebred half sisters made in the same 
herd. Results of two-breed crosses suggest that records of the crossbreds 
are generally above the average of the two parental breeds, and in a few 
cases exceed the better purebred parent in total production of butterfat 
and 4 per cent fat-corrected milk. Butterfat test is generally slightly 
below the average of the two parental breeds. Production of three- and 
four-breed crossbreds varied with the transmitting ability of the particu¬ 
lar sires used, but it averaged slightly higher than that of their two- and 
three-breed dams. 

The two foregoing experiments suggest but fail to demonstrate con¬ 
clusively the existence of heterosis in the production of dairy cattle. 
They do, however, provide conclusive evidence on the following two 
points: 

1. A herd of a breed producing small amounts of high-testing milk can 
be rapidly shifted without undesirable results to a low-testing type of 
production by breeding bulls of the proper breed if market demands 
justify a shift in the type of production. The reverse is also true. 
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2. Three or four breeds of dairy cattle can be combined in crosses 
without harmful and possibly with beneficial results. 

These two facts have led to recommendations that commercial dairy¬ 
men breed to the best proved sire available, regardless of breed, so long 
as he is of a breed producing milk of the test generally in demand where 
milk is marketed. The general use of artificial insemination, with semen 
from bulls of several breeds usually available, makes it possible for a 
commercial dairyman to follow any systematic crisscross or rotational 

crossbreeding system he might desire without excessive investments in 
sires. 

The practice of crossbreeding dairy cattle is apparently on the increase. 
Future experimental work in this field will be watched with interest. 

Crossing Inbred Lines for Commercial Production. The hybrid 
corn used commercially is produced by crossing highly inbred lines. 

here adapted hybrids are available, they have usually considerably 
outyielded the best varieties produced by older breeding methods. 
This superiority is usually thought of as being due to heterosis. Much 
of it is due also to successful choices of inbred lines which put together 
favorable combinations in the hybrids. These favorable combinations 
occur uniformly in every hybrid plant owing to the homozygosity of the 
parent lines. The higher yields of hybrids are due largely to uniform 
production from nearly all plants rather than to extraordinary yields by 
some plants. 

As we have seen, most breeds of farm animals are slightly inbred, 
they differ somewhat from each other genetically, and crosses between 
them usually show a small-to-moderate amount of hybrid vigor. This 
leads to the supposition that crosses between highly inbred lines might 
exceed the performance of presently existing types. 

Before such a hypothesis could be tried it was necessary to develop 
inbred lines. This is a much more difficult task with farm animals than 
with corn or other plants for the following reasons: (1) Self-fertilization 
is impossible with animals, thus requiring more than twice as many 
generations to develop the same degree of inbreeding in animals as com¬ 
pared with plants; (2) the expense of developing an inbred line of animals 
is tremendously higher; and (3) because of the expense fewer lines can be 
developed, thus lessening the amount of culling of lines. 

In spite of these difficulties inbred lines of all our farm animals are 
being developed. Lines of hogs developed by the Regional Swine Breed¬ 
ing Laboratory, although as yet only 40 to 60 per cent inbred in most 
cases, are further along and are the only ones tested in crosses to any 
extent to date. 

As noted in the chapter on Inbreeding, average productivity has tended 
downward in the lines. This makes it likely that inbred lines, if they 



CROSSBREEDING AND LINECROSSING 


373 



mm 


Fio. 126. Above, a group of Chester White gilts of the inbred White King line. Below, a 
group of linecross gilts produced by breeding White King gilts to boars of an inbred line 
developed from a Duroc-Danish Landrace foundation. ( Courtesy of Purdue University, 
Agricultural Experiment Station.) 


have a place in swine breeding, will be used either as a source of germ 
plasm to improve pure breeds or in crosses for commercial use. 

Numerous reports have shown that crosses between inbred lines exceed 
the average production of the parent inbred lines, thus showing the 
existence of a considerable amount of hybrid vigor (see review by Craft, 


1953). Inbred lines vary in their value for crossing, some being good 
and others mediocre. 

Most of the linecrosses have thus far been made on a test basis and 
have been directly compared only with the parent lines and with each 
other. In many cases, especially when linecross females have been used 
as mothers, the level of productivity has been high. Several experiments 
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have included conventional types, and the results have been generally 
favorable to the linecrosses. However, the final answer as to whether 
hogs produced by crossing inbred lines are more productive than outbreds 
produced by conventional methods is not yet available. This is true 
because outbreds vary so much that it is impossible to know whether 
representative samples of the best outbreds have been used for compari¬ 
son. Too, most of the lines developed in experiment-station herds have 
been selected rather intensively for performance items during inbreeding, 
and it is not known how effective such selection might have been in 
outbred hogs. 


Table 41. Crossing Inbred Lines of Duroc Swine* 



Inbred line 

X 

same inbred 
line 

Inbred line 

x 

different 
inbred line 

Rotation 

line 

cross 

Outbred 

No litters: 

From gilts. 

4 

14 

35 

15 

From sows. 

30 

41 

51 

28 

Av. no. pigs per litter: 





Birth.. 

9.2 

9.0 

10 6 

8.0 

10.2 

180 days of age. 

4 8 

6 6 

7.8 

Wt. at 180 days of age: 





Per pig, lb. 

157 

205 

203 

182 

Per litter, lb. 

752 

1359 

1625 

1413 

Performance on feeding test: 





Av. days of age at start. 

66 

64 

64 

65 

Av. initial wt., lb.. 

35 

41 

41 

41 

Av. daily gain, lb. 

1.18 

1.44 

1.43 

1.31 

Feed per cwt. gain, lb. 

388 

380 

373 

377 


• Courtesy of the late W. L. Robison. Ohio Anricultural Experiment Station. 


Crossing Lines of the Same Breed. At the Oklahoma Experiment 
Station, Chambers and Whatley (1951) have made rather extensive com¬ 
parisons of inbreds, two-line crosses, three-line crosses, and outbreds, all 
within the Duroc breed. In these comparisons two-line crosses were 
slightly inferior to outbreds in total litter weight at 180 days of age. This 
was due entirely to small litters, the inbred mothers of the two-line 
crosses not raising as many pigs per litter as the outbred sows. Three- 
line crosses (two-line sows bred to boars of a third line) resulted in 39 per 
cent more pigs being raised to 180 days of age, and in total weight the 
litters were 44 per cent, or nearly 350 lb., heavier than outbreds. Most 
of this advantage resulted from the larger number of pigs raised per 
litter by the linecross mothers of the three-line-cross pigs. 
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At the Ohio Experiment Station somewhat similar tests, also within 
the Duroc breed, have been made. The results as shown in Table 41 
indicate an advantage of 212 lb., or slightly over 15 per cent, in 180-day 
litter weight for litters produced by crossing three inbred lines in rota¬ 
tion, as compared with outbred litters. This advantage was mostly the 
result of faster gains and thus differs from the Oklahoma results. The 

Table 42. Comparative Performance of Conventionally Bred Swine and That 
of Crosses between Two Inbred Lines* 

(White King, an inbred Chester White line; the Landroc, a line developed from a 
Landracc X Duroc foundation. Inbreeding 30 to 40 per cent in each line) 




Crossline 

Backcrosses 

W.K. 

V 


Conven- 

tionals 

Landroc 
X W.K. 

W.K. X 
Landroc 

Landroc 

X 

crossline 

W.K. 

X 

cross- 

line 

A 

Land¬ 

roc 

back- 

cross 

Years tested. 


1947-1949 

1947-1948 

1948-1949 

1949 

1949 

Total no. littersf. 


21 

9 

11 

4 

4 

Av. no. pigs per litter: 

HH 






Farrowed. 


9.2 

6.8 

11.2 

13.2 

12.0 

Raised to 56 days... 

Mrf 

6.5 

4.1 

7.6 

6.5 

8.5 

Raised to 154 days. 

4.8 

6.3 

4.1 

7.6 

6.1 

8.0 

Av. wt. per litter, lb.: 







At 56 days of age. 

167 

263 

153 

274 

266 

355 

At 154 days of age. 

877 

1288 

854 

1405 

1016 

1542 

Slaughter data: 







No. pigs slaughtered- 

68 

53 

28 

14 

15 

Av. live wt., lb. 

215 

218 

215 

215 

216 

Av. dressing per cent.. . 

69.1 

68.6 

69.1 

70.1 

69.3 

Av. yield of five primal 
cuts as per cent of live 







wt. 

43.8 

43.9 

44.0 

44.8 

45.0 


• Adapted from Purdu$ Univertity Ayr. Expi. Sta. Bui. 552. 1950. 
f All litters from gilts. 

t Included litters as follows: 12 Duroc: 6 Chester White; 7 crossbred Duroc X Chester White: and 
6 crossbred Poland China X Cheater White. 

pigs from two-line crosses grew as well as the rotational-cross litters, but 
fewer pigs were raised per litter. 

Crossing Lines of Different Breeds. At Purdue University crosses 
between two inbred lines of different breeds produced results superior to 
outbreds (Table 42), especially when linecross gilts were used as mothers. 

Oklahoma results shown in Table 43 generally indicate advantages in 
important productive characters for linecrossbreds over hogs of other 
breeding. The trials included several linecrossbred combinations and 



















376 BREEDING AND IMPROVEMENT OF FARM ANIMALS 


Table 43. Comparative Performance of Crossbred, Linecross, 
Linecrossbred, and Outbred Hogs* 



Outbred 
Du roc 

Crossbred 

Linecross 

Duroc 

Linecross¬ 

bred 

Number of litters.! 

11 

17 

22 

61 

10.08 

8.29 

8.16 

27.0 

250 

1173 

497 

1 44 

Number of pigs per litter: 
Farrowed. 

8.48 

6.94 

8.56 

7.70 

9.72 

7.94 

At 56 days.. 

At 154 days. 

6 81 

7.52 

7.83 

Litter weight in lb.: 

Birth. 

At 56 days. 

At 154 days. 

Post weaning feeding test: 

No, of pigs fed.. 

22.0 

175 

907 

77 

1.44 

22.9 

241 

1096 

129 

1 42 

24.4 

227 

1128 

172 

1.42 

Av. daily gain, lb. 

Feed per cwt. gain, lb. 

354 

349 

352 

346 

Per cent lean cutsf.... 

35.7 

382 

35.0 

36.7 



• From Okla. Aor. Expt. Sla. Bui. B-415. 1954. Dau from four (rials at the Fort Reno Experiment 
Station, El Reno. Oklahoma. 

f Weight of trimmed hams, loins, and shoulder* as a percentage of the slaughter weight of the hog. 


the advantage for this type of breeding was even more marked when the 
best linecrossbred combinations were considered. Summarizing and 
applying their work, these workers say: 1 

Although the development of inbred lines specifically for superior performance 
in crosses is a slow and costly process, the value of these lines once they are 
developed is considerable. Nearly all of the present inbred lines have certain 
deficiencies, yet many of them produce sufficient hybrid vigor to make them 
useful, particularly when applied in the most effective combinations. It seems 
likely that this type of program for commercial hog production will become 
more important in the future, particularly in herds large enough that a systematic 
crossing program can be economically handled. 

The outline for future development seems clear. First, more extensive testing 
is needed to determine the best linecross combinations. In addition there must 
be improvement in existing lines, and the development of new and better lines, 
in order to get the maximum return from a systematic rotational linecrossing 
program. Finally, a more efficient procedure for developing new lines is needed, 
and current research is being aimed in that direction. 

Use of Inbred Lines in Topcrosses. Research information on the use¬ 
fulness of inbred lines in topcrosses on non-inbred stock is limited. 
Hazel et al. (1948) found little average difference in the progeny perform¬ 
ance to five months of age between inbred Poland Chinas of several lines 

i Okla. Agr. Expt. Sta. Bui. B-415, 1954. 
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and non-inbred purebred boars in farmers’ herds. The lines differed in 
performance of progeny. Progeny of inbred Landrace boars had an 
advantage of 3.5 per cent in viability and 12 lb. in five-month weight over 
progeny of non-inbred purebreds. This may well have been a manifes¬ 
tation of heterosis due to the wide genetic differences between Landrace 
boars and sows of American breeding rather than to the superiority of 
the Landrace line. 

Durham et al. (1952) studied differences between the progeny (top- 
cross) of inbred boars and the progeny (non-topcross) of non-inbred 
boars in 44 Wisconsin farm herds. None of the sow herds were inbred. 
There were no significant differences among the immediate progeny in 
litter size or viability either between types of boars or among inbred 
lines. Four of the eight lines tested produced topcross progeny with 
superior growth rates to five months. Gilts of the two types retained 
for breeding showed an over-all advantage of 1.08 pigs raised per litter 
and 37 lb. in litter weight for the topcrosses as compared with non-top- 
crosses. The three lines producing topcross gilts significantly superior 
in pig-raising ability to non-topcrosses were all among the four top lines 
in growth rate of topcross progeny. These three lines were derived, in 
part or all, from Landrace or Yorkshire foundation stock. This again 
suggests the importance of diversity of the origin of parents in a cross. 

These results are far from conclusive, but they do indicate promise for 
the use of selected inbred lines in cross combinations for commercial 
production. 

Practical Use of Inbred Lines. Presently it appears that the commer¬ 
cial use of inbred lines, if it develops extensively in commercial swine 
production, will center around rotation-crossing programs. The farmer 
will use an inbred boar of line A on whatever sows he has when starting 
the program; their gilts will be bred to a boar of line B; their gilts to a 
line C boar; and then back to line A. 

Other possibilities include plans in which certain breeders specialize 
in the production of linecross gilts for sale to commercial hog men. They 
in turn will breed them to boars of a third line, market all the pigs, and, 
when necessary, purchase more gilts as replacements. 

Many problems are involved in the commercial application of either 
plan. The most serious is the uncertain breeding behavior of many 
inbred boars. To get around this, experimental work is being done on 
the use of linecross boars. Some firms are selling such boars for com¬ 
mercial use. 

Although the use of inbred lines in crosses for commercial production 
must be considered as still in experimental stages, a number of individual 
breeders and large companies are producing boars for sale to farmers. 
Some of these firms operate with an open book, so far as the pedi- 
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grees of the animals they sell are concerned. Others sell animals (which 
are often called hybrids) on a closed-pedigree basis, considering the 
parentage a trade secret. These companies not only sell the producer a 
boar this year, they also offer him a breeding program whereby they 
supply boars from year to year that, on the basis of tests conducted by 
the company, combine well with stock used previously. Several com¬ 
mercial herds in which the plan has been followed for six or more years 
have been cited for their excellent production records. 

Results on the use of inbred lines of other classes of farm animals in 
linecrosses or in topcrosses are still fragmentary. Laben el al. (1955) 
observed significantly higher average production among 26 Holstein 
cows produced by crossing two inbred lines than had previously been 
estimated as representing the productive capacity of the herd. The 
increase noted in these linecross cows was interpreted as being due at 
least in part to hybrid vigor. 

A recent preliminary report 1 gives some observations on generally 
favorable results from crossing inbred lines of Hereford cattle, and out¬ 
lines plans for future comparisons of cattle of this type with conventionally 
bred Herefords. 

The degree to which the use of inbreds and their crosses increases in 
the future will be interesting to watch. The development of this practice 
will depend upon (1) the degree of superiority which progeny of such 
animals have over conventionally bred types and (2) the price at which 
breeding stock of desirable lines and crosses can be produced and sold. 
If successful with hogs, it will undoubtedly spread to other classes of 
livestock. Because of the slower rate of reproduction its commercial 
application is probably many years away in cattle and sheep. 

The production of inbred lines is a long and expensive process, and the 
determination of their usefulness requires much experimentation. Thus 
only persons or firms with adequate financial resources, a clear under¬ 
standing of the problems involved, and access to competent technical 
help should consider entering the business of producing and selling inbred 
lines or their crosses. 

This business may develop more rapidly than can now be predicted. 
Each individual livestock producer should therefore keep abreast of 
current recommendations of his state experiment station regarding the 
use of inbred animals in crosses. 
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CHAPTER XVIII 


GENERAL PRINCIPLES OF SELECTION 


In each generation of animals in his herd or flock the breeder must 
separate those to be saved for breeding from those to be used for other 
purposes. Perhaps he will also select animals from other herds for use 
as breeders in his herd. These are the most important things he does. 

In either case he is selecting the animals that will be parents of the 
next generation. Since these selected individuals can transmit to their 
offspring only sample halves of the genes they themselves have, the 
accuracy with which the breeder picks the animals carrying the best genes 
determines once and for all the possible quality of the next generation. 
Selection has been aptly called the “keystone of the arch” in animal 
breeding. 

Selection is not an invention of modern man. It has been going on in 
nature since life first existed on the earth. In nature the animals best 
adapted to their environment survived and produced the largest number 
of offspring. This natural selection, or survival of the fittest, acting upon 
the variations produced by mutation and recombinations of genetic 
factors, eliminated the unsuccessful genetic combinations and allowed 
nature’s successful genetic experiments to multiply. Selection by man 
is merely the substitution of new standards—related to an animal’s 
ability to serve human needs—for the old one of ability to survive and 
reproduce in nature. 

Man’s selection, even in the absence of genetic knowledge, has been 
highly effective. . Our task today is to apply our knowledge of the 
processes of heredity to selection and breeding systems in order to produce 
further improvement. 

Selection for Quantitative Characters. To review and summarize 
briefly, most items in the list of important production factors of farm 
animals can be characterized as follows: 

1. They are influenced by many pairs of hereditary factors most of 
which individually have minor effects. It is seldom or never possible to 
identify the individual gene effects. 

2. They have continuous distributions with no sharp demarcation 
between “good" and “bad.” Rather, we can characterize each animal 
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as being someplace in a distribution, such as in the upper 10 per cent, 
above average, below average, etc. 

3. Although we are far from having complete knowledge of the type 
of hereditary factor action, it appears that additive gene action, domi¬ 
nance (probably including overdominance), and epistasis are all of 
importance, the relative importance varying from character to character. 

4. Their expression is greatly affected by environmental influences. 
The fraction of the variability which can be attributed to hereditary 
influences, even under environmental situations as uniform as possible, 
varies from near zero for some characters upward to possibly 50 to 60 
per cent for others. 

5. While there is no doubt as to the validity of the foregoing generaliza¬ 
tion, it must be tempered with the realization that most heritability 
estimates made thus far include the total additive gene effects but only 
relatively small and often unknown fractions of the effects of dominance 
and epistasis. Recent experimental work with monozygotic twins in 
cattle suggests that heritability of certain traits in the broad sense may 
be higher than previously estimated. It is still uncertain from these 
experiments, however, what fractions of the striking resemblances 
observed within monozygotic twin pairs are due to heredity, to simi¬ 
lar pre- and postnatal environments, and to genetic-environmental 
interactions. 

The problems of selection in farm animals are those of getting the best 
possible estimates of the genotypes of the animals under consideration 
so that those with the “best” genotypes may be selected and used to 
propagate the next generation. Estimates of genotypes can probably 
never be perfect for quantitative traits. Information on the individual, 
on his ancestors and collateral relatives, and on his progeny are all useful 
in arriving at genotypic estimates. 

Selection on the Basis of the Individual. Selection on the basis of 
individuality 1 is strictly phenotypic; i.e., the individual’s phenotype is 
used as the sole estimate of his genotype and thus of his probable breeding 
value. This is commonly called mass selection. 

The progress to be expected from one generation of individual selection 
is equal to the individual’s own record minus population average times 
the heritability. 

The difference between a selected individual’s own record and the popu¬ 
lation average is known as the selection differential. To illustrate these 
simple relationships let us assume that we are selecting for rate of gain in 
beef cattle and that this trait is 40 per cent heritable. If we selected a bull 
that gained 0.5 lb. per day more than the average of the group or popula- 

1 The term individuality is used here in a broad sense to include performance as 
well as appearance. 
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tion from which the selection was made, then the selection differential 
is 0.5 lb. Multiplying this by the heritability gives 0.5 X 0.4 = 0.2 lb. 
per day as the probable advantage 1 he will have in transmitting ability 
as compared with the average of all the bulls in the group. If he were 
bred to females having a similar selection differential, we would expect 
their offspring to gain 0.2 lb. per day faster than the average of all calves 
that could be produced by random mating among all the bulls and heifers 
from which selections were made. 

Assuming a herd is being maintained at a uniform number of breeding 
animals, the size of the selection differential it is possible to attain 
depends upon the proportion of the animals of each sex it is necessary to 
retain for breeders. This in turn depends upon reproductive rates 
and the ages at which breeding animals are replaced by younger animals. 
These factors vary greatly with species. The annual rate of improvement 
depends upon the selection differential, the heritability, and the length 
of generation. 

In sheep, horses, and cattle it is usually necessary to save 30 to 50 per 
cent of the females and 3 to 5 per cent of the males for use as breeders. 
In hogs the percentages are lower—10 to 15 per cent of the females and 
only 1 to 2 per cent of the males—thus permitting more intense selection. 

The percentage which must be saved puts an upper limit on the size 
of the selection differential. Since a lower percentage of males than 
females must be saved, selection can be much more intense for them. 
Assuming a normal distribution (see Chap. XI) for the character under 
selection or for an index representing several characters, the upper 
50 per cent of a group should average 0.8 of a standard deviation above 
the average of the entire group. Corresponding figures for 30, 10, and 
2 per cent are 1.16, 1.76, and 2.44 standard deviations, respectively. 
These figures are derived from the statistics of the normal curve. When 
multiplied by the standard deviation of the character being selected they 
give the maximum selection differential attainable when a given percent¬ 
age of a group must be retained for breeding. Selection differentials 
of this magnitude can be attained only if all the animals above a certain 
point in the frequency distribution are selected and all those below it 
culled. Selection of this type is termed truncation selection. Failure to 
attain this intensity of selection for important characters or for an index 
can result from carelessness or inadequate evaluation or from being 
influenced in selection by some unimportant traits. 

Individual selection has been the most commonly used tool in live¬ 
stock improvement to date, and to it can be ascribed most of the progress 

1 It should be emphasized that this is the average expectation which would be 
attained with large numbers of such selections. A single animal might deviate widely 
from the average expectation. 
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which has been made in shaping nature’s offerings into more efficient 

and desirable types. , , , „ . 

In cases where the character or characters being selected are express 
in both sexes, the use of individual selection has much to recommend 
it and should always be used even though supplemented with family and 
progeny-test information. In such cases individuality is probably the 
most useful single indicator of the genotype, although it is generally far 

from perfect. . ... 

In the first place, information on the individual is the most readily 

available. Such things as body type, growth rate, fleece production, and 
others of similar nature can be evaluated directly from the performance 
of the animal itself if suitable performance records are being kept. Such 
evaluations (or at least fairly accurate preliminary estimates of them) 
are usually available by the time initial selection of breeding stocks has 
to be made. Furthermore, an evaluation of the individuality of all 
animals can be made, though obviously only a few can be progeny-tested 
and pedigree information is often incomplete. 

The shortcomings of individual selection stem from the following points: 

1. Several important characters, including milk production in dairy 
cattle, maternal abilities in brood cows, ewes, and sows, and egg produc¬ 
tion in poultry, are expressed only by females. Thus selection of breed¬ 
ing males cannot be based on their own performance. 

2. Performance records for milk and egg production and other maternal 
qualities are available only after sexual maturity is reached, and usually 
after much selection has taken place. 

3. In cases where heritability is low, individuality is a poor indicator 
of breeding value. 

4. The easy appraisal of appearance (or “type”) often tempts the 
breeder to an overemphasis on this character in selection. This is true 
even in meat animals, where there is a fairly strong relationship between 
appearance and carcass value. 

In spite of these shortcomings individuality certainly must be con¬ 
sidered in selection. In general, for characters expressed by both sexes 
only animals which are themselves above average should be used for 
breeding, regardless of the merit of near relatives. 

Very few herds can keep all females produced for trial as breeders, and 
only small fractions of the males can usually be used for breeding and 
be progeny-tested. Thus, for characters expressed only in females and/ 
or only after sexual maturity, something other than individual perform¬ 
ance will have to be used for initial selection of both males and females. 
This initial selection can be made on the basis of performance of relatives 
(this is family selection and will be discussed in the next section) or on 
other individual characteristics thought to be related to the character 
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toward which it is desired to direct selection. Some selection for good 
health, soundness, and size is justified, but, in general, selection on the 
basis of appearance must be used with caution, since it is a poor indicator 
of future milk or egg production or of the ability of a sire to transmit 
genes for high productivity to his daughters. After females come into 
production their records represent their phenotypes, and culling can be 
done on the basis of the records just as for any individual character. 

For characters to which individual selection is adapted certain pro¬ 
cedures will tend to maximize the size of the selection differential and 
the accuracy of selection. 

First, selection should be directed only toward factors of real importance. 
Simultaneous selection for more than one character automatically reduces 
the amount of selection for any one character so that it can be only 
1/Vn as intensive as if it were the only character considered in selection 
(n = number of characters considered). Thus selection for four char¬ 
acters simultaneously reduces the intensity of selection for any one 
character to one-half what it could be if it were the only character 
selected for. Particularly in meat animals, several factors must of 
necessity be considered in selection, but they should be kept at an 
absolute minimum. Selection for slightly hereditary and difficult-to-fix 
details of color markings or details of conformation is often excused on 
the grounds that it does no harm since these characters have no relation, 
either positive or negative, to economic value. This is a fallacious 
rationalization, since such selection is indirectly harmful through reduc¬ 
ing selection intensity for more important characters. 

Secondly, for some characters repeated observations are possible. 
Use of all available records increases the accuracy of selection for charac¬ 
ters affected by temporary environmental conditions by minimizing 
the effects of these conditions, thus reducing the number of mistakes 
made in selection. The best estimate of real producing ability equals 

l " + — |j r times own average minus the herd average, where n is the 

number of records and r is the repeatability. Several important charac¬ 
ters in farm animals, including fleece weight in sheep, lactation records 
in dairy cows, and weaning weight of successive calves from the same 
beef cow, have been shown to have repeatabilities of around 0.4 to 0.6. 
For a repeatability of 0.4, the accuracy of evaluating an animal on the 
basis of two records is increased by 43 per cent as compared with evalua¬ 
tion on the basis of one record, and 67 per cent if three records are 
available. 

The practical problem the breeder is interested in is how to evaluate 
properly animals with varying numbers of records if some are to be 
culled and some retained. 
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An actual example of a problem of this kind in beef cattle is given in 
Table 44. The cows listed were among those in a Tennessee Experimen 
Station herd and had records (adjusted to a male sex and mature cow 
equivalent) as indicated after their 1954 calves were weaned. What is 
the probable real producing ability of each cow for this character. 

Other calculations indicate that repeatability in this herd is in the 
neighborhood of 0.4. Using this figure and applying the formula given 
earlier, we arrive at the figures in the right-hand column as the fees 
estimates of real producing ability. Note that the estimate of real 
producing ability for cow 18, with one record 47 lb. above the herd 
average, is only slightly higher than that of cow 1, with three records 
averaging 25 lb. above the herd average. This does not say that the 
real producing ability of cow 18 could not be 47 lb. above the herd 
average. It merely says that, in the absence of further records, the best 


Table 44. Calf Production Records of Some Beef Cows 


Cow 

no. 

No. 

records 

Average deviation 
of calf weights 
from herd average 

Probable real deviation 
from herd average in 
producing ability 

18 

1 

+47 


1 

3 

+25 


9 

2 

+22 

+ 12.6 

12 

1 

+20 

+8.0 

2 

1 

-14 

-5.6 

6 

3 

-16 

-10.7 

25 

1 

-30 

-12.0 


estimate is that her high record was due to a particularly favorable set of 
environmental circumstances and that future calves will be nearer the 
herd average. Similar reasoning will enable the student to make other 
comparisons among animals in the table. 

Repeatability of litter size and weight in successive litters of the same 
sow is lower than for the character above, being around 0.15 to 0.20. 
If we assume it to be 0.20, the increased accuracy of evaluation on two 
and three records is 67 and 114 per cent, respectively, over that of one 
record. Comparison of these figures with those given previously for 
repeatabilities of 0.4 illustrates the fact that increasing the number of 
records increases the accuracy most if repeatability is low, i.e., when 
effects of temporary environmental factors are great. It should be 
remembered, however, that this is the type of situation in which one 
record is most inaccurate. Additional records for characters with high 
repeatability are not very useful simply because the first record has 
already accurately evaluated the animal. Thus one record for a charac- 
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teristic of high repeatability can give a better indication of real producing 
ability than will several records for a character with low repeatability. 

In view of the finality and permanence with which we commonly con¬ 
sider something like the winning of an important grand championship, 
it may come as a shock to some students to find that the repeatability of 
type ratings made at intervals of six months to a year is approximately 
the same size (or perhaps slightly larger) than repeatability of milk 
production or calf-weaning weights. This means that repeated observa- 
tions on type are useful in evaluating this character. 

Waiting for additional records before deciding whether to keep or cull 
an animal or whether to save progeny for breeding purposes can be costly 
if inferior animals are kept for extended periods. It can lengthen 
generation interval and possibly reduce total annual progress in selection 
for some traits. This could happen if a dairy-cattle breeder insisted on 
having five or six records from a cow before saving one of her sons. Thus 
the advantages of getting additional records must be balanced against 
the costs and disadvantages of getting and using them. 

A knowledge of repeatability tells us something about how much 
culling can safely be done on the basis of one record. With repeatabili¬ 
ties of the order of 0.4, for instance, the lower 10 to 20 per cent of a group 
can be culled on the basis of one record with little danger of culling an 
animal that would later be in the upper 25 to 50 per cent. Doubtful 
cases can be retained for a second and possibly a third record. Although 
each additional record adds a little to the accuracy of observation, with 
repeatabilities of this size most of the value of repeated records will have 
been obtained from the first two or three, and there is little to be gained 
in waiting for more. 

With lower repeatabilities, such as those for litter size in swine, there 
will be more reason for wanting four or five records. Even in this case, 
however, Dickerson and Hazel (1944b) calculated that yearly progress 
should be greatest if one-half to two-thirds of the sows in a herd were 
culled after one litter. In swine, sow performance is only one character 
of importance in selection, and selection for conformation and growth 
rate can be made in both sexes prior to sexual maturity. 

Selection on the Basis of Family. In our discussion of family in rela¬ 
tion to selection we shall consider family in its broad sense as including 
both direct ancestors (pedigree information) and collateral relatives, 
such as brothers and sisters. 

Just as we have seen that individuality is far from 100 per cent accu¬ 
rate in predicting the breeding worth of animals, so shall we see that 
family is not infallible, although under certain circumstances information 
on the productivity of close relatives can supplement that available on 
the animal itself, and thus be a distinct aid in selection. 
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For characters in which an individual’s own phenotype is a perfect 
indicator of its genotype, information on the genotypes of ancestors 
adds nothing to what we can ascertain from the individual itself, buch 
cases are, however, limited to simply inherited qualitative traits. 

For quantitative characters which are expressed by both sexes prior 
to the time initial selections must be made, it is seldom that more emphasis 
should be given to the performance of relatives than to the performance 
of the individual itself. In a random-breeding population perfect 
knowledge of the genotypes of both parents would lead to a correlation 
of +0.50 between breeding values of one parent and an individual and 
to a correlation of +0.71 between the average breeding value of the two 
parents and the genotype of the individual. In this case the correlation 
between an animal’s own individuality and his breeding value is y/2g 
times as large as the correlation between his breeding value and the 
average genotypes of his two parents (g = additive genetic fraction of 
variance). Thus when g = 0.5, individuality and knowledge of parental 
genotypes are equally valuable. At higher values of g , individuality is 
relatively more valuable. Conversely, at values of g less than 0.5, 
knowledge of parental genotypes becomes relatively more valuable. 

Since our knowledge of ancestral genotypes will nearly always be far 
from perfect, the foregoing represents the limiting case so far as usefulness 
of pedigree information is concerned. Generally speaking, with the 
knowledge we are likely to have on ancestral breeding value, individuality 
is a better indicator of breeding value than is pedigree information. 
Furthermore, the value of remote ancestors is very much reduced com¬ 
pared with that of sire and of dam. Remote ancestors are relatively 
more valuable at low levels of heritability. However, in these cases, 
even with the use of all available information, the total ability to predict 
breeding value is low. 

Thus, for characters which can be evaluated prior to the time initial 
selections must be made, pedigree information should be considered as 
only a supplement to individual selection. For characters not expressed 
until after sexual maturity, pedigree information will usually have to be 
depended upon to a great extent in making initial selections. In these 
cases the breeder must realize that selections will be relatively inaccurate, 
and he should make an effort to save as large a proportion as economically 
feasible for later testing, so that further culling after one or more records 
have been made can be used to supplement pedigree selection. 

From a practical standpoint it needs to be emphasized that pedigree 
selection, if it is to be at all useful, must be based on real knowledge of the 
productivity of the animals involved. This is usually difficult to obtain 
in the case of remote ancestors. Even records of immediate ancestors, 
if made in other herds, are often difficult to evaluate. The best or 
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selected records tend to be emphasized and may give a biased evaluation 
of ancestral performance. 

Probably the two greatest dangers of pedigree selection are (1) undue 
emphasis on relatives, particularly remote relatives, with the result that 
intensity of individual selection is reduced; and (2) unwarranted favorit- 
ism toward the progeny of favored individuals. 

The history of purebred beef-cattle breeding has been marred by 
numerous instances of unwise pedigree selection on the basis of remote 
relatives or meaningless family names. The Duchess family of Short¬ 
horns is the most notorious example of this. The noted pioneer Short¬ 
horn breeder, Thomas Bates, founded the Duchess family, the members 
of which, in their time, were the best of the breed. Unfortunately, years 



Fio. 127. Pictorial pedigree showing the relative si*® of ancestors in terms of their contribu¬ 
tions of herditary material to an animal. This illustrates the folly of putting much 
emphasis on one or two remote ancestors in evaluating a pedigree. 

after the death of Bates, American breeders began placing undue emphasis 
on the Duchess strain and propagated them irrespective of their indi¬ 
vidual merit. This craze culminated in the famous Mill, New York, 
sale in 1873, in which 109 head of Duchess cattle averaged $3,504 and 
one cow sold for $40,600. Indiscriminate inbreeding and lack of selection 
made the strain virtually extinct a few years later. 

Family names are used in two senses in animal breeding. Most 
commonly the family name is traced through the dam (in a few breeds 
through the sires) in an unbroken line of females to a foundation female 
who was outstanding enough to have a family named for her. Obviously, 
if the foundation female is very many generations back in the pedigree, 
her genetic superiority has been halved so many times that there is not 
much of it left. Such family names have about as much significance as 
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human family names. Captain John Smith was probably a great man, 
but does that automatically make all the Smiths great? 

Family names lend themselves readily to speculation. However, most 
breeders will do well to pay attention to individual excellence and the 
excellence of near relatives rather than to remote relatives and genetically 
insignificant family names. 

Some linebred families are in existence in which there has been line- 
breeding to the foundation male or female with the result that the family 
is kept highly related to it. Such families do have genetic significance. 
The Anxiety 4th Herefords constitute probably the best-known family 
of this kind in meat animals. The danger of paying too much attention 
to linebred families is that certain pedigrees, rather than real excellence, 
may become sought after. 

The other type of family information which may be of use in selection 
is information on collateral relatives. Although more remote relatives 
may occasionally be of use for special purposes, groups of full sibs or half 
sibs are ordinarily the type of family which can be effectively used in 
selection. An individual receives no genes from collateral relatives. 
Rather, their average performance is an indication of the kind of genes 
transmitted to them by one or more ancestors who are also ancestors of 
the individual we are interested in. Thus family selection is really 
another form of pedigree selection, using progeny performance as an 
indication of the genes most likely to have been transmitted to animals 
we are interested in. In much popular and some scientific literature this 
has been erroneously called “progeny testing.” 

In most situations in animal-breeding practice the problem is to select 
replacement animals from a population composed of several groups of 
half sibs each the progeny of one sire. In swine, litters of full sibs are 
also usually available. Ordinarily the different sires used will have 
transmitted differently, some groups of half sibs averaging higher in 
merit than others. The same will be true of the various litters. 

The question is: Should selection be (1) entirely on a family basis, 
saving only the animals from the groups with the best averages; (2) 
entirely on individuality, saving only the best individuals regardless of 
the average performance of others in the group; or (3) on some basis 
which combines emphasis on individuality and family or group? In the 
last case some plan of saving the better individuals from the better 
families would be followed. 

Lush (1947) made a careful analysis of this problem and pointed out 
that, if either family or individual selection is absolutely ineffective, the 
other will be also. The relative effectiveness of the three methods 
depends upon (1) R, the genetic correlation or relationship within family, 
(2) t, the phenotypic correlation within family, and (3) n, the number per 
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family. Purely family selection can be expected to give 1 + v n *)# 

y/n[ 1 + (n - 1 )t) 

times as rapid progress as individual selection. This is negative, and 
purely family selection will produce less progress than purely individual 
selection whenever t is as large as R 2 . Remembering that the relationship 
(R) among half sibs is 0.25 and among full sibs is 0.50, it is apparent that 
purely family selection will seldom, if ever, be superior to purely indi¬ 
vidual selection among families of half sibs, and will be superior among 
families of full sibs only when t is very low. Purely family selection is 
particularly useful in selecting between partially inbred families in which 
R is greater than 0.50. 

An optimum combination of emphasis on family averages and indi- 

vidual merit should be yjl + ^ ~ ^ times as effective 

as purely individual selection. This expression is equal to 1, and the two 
types of selection are equally effective if R = t. If R and t are unequal, 


Table 45. Effectiveness of a Combination of Family and Individual Selection 
as Compared with Purely Individual Selection under 
Certain Assumed Conditions 
R 



.25 

.50 

.60 

n 
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12 

20 

8 

12 

20 
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12 
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1.316 
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1.299 

1.339 
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«j 
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.8 

1.614 

1.641 

1.665 

1.216 

1.227 

1.236 


1.107 

l.in 


a combination of family and individual selection will be more effective 
than individual selection alone. If t is less than R, then the family 
average should be given positive emphasis in selection. If t is larger 
than R, we know that some environmental factor is producing at least 
part of the resemblance. This leads to the conclusion that a good indi¬ 
vidual in a better-than-average family may be good partly because 
of favorable environment and that we should discount the record. 
Although it may seem paradoxical to some, family averages should play 
a negative part in selection under such conditions. Table 45 gives the 
relative effectiveness of combination and individual selection at several 
levels of R, t, and n. It can readily be seen that combination selection 
is of greatest value when R is relatively high and t is low or when t greatly 
exceeds R. 
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Progeny and Selection. It has been said: “Individuality tells us 
what an animal seems to be, his pedigree tells us what he ought to be, 
but his performance as a breeding animal tells us what he is.” The idea 
of progeny testing is not new, having been advocated 2,000 years ago by 
a Roman, Varro. Robert Bakewell is reputed to have used it in the 
eighteenth century by letting out bulls and rams on an annual basis. 
Then he himself could later use those which proved to be outstanding 

transmitters. 

Much has been written about progeny testing in both the popular 
and the scientific press, and oftentimes exaggerated claims as to its 
accuracy and usefulness have been made. Progeny testing is an effort 
to evaluate the genotype of an animal on the basis of progeny perform¬ 
ance. It must therefore be based on phenotypes of progeny and can be 
no more accurate than the evaluation of these phenotypes. Each parent 
contributes an equal number of hereditary factors to each offspring. 
Thus an effort to evaluate one parent (usually a sire) on the basis of one 
or a few offspring out of only one other parent can give very misleading 
results. Also, chance at segregation may result in any one or a few 
offspring receiving a better- or worse-than-average sample of genes than 
the parent will transmit on the average. Thus progeny testing must be 
properly used if it is to be advantageous. 

The progeny test is used in animal breeding to help decide which 
animals, within a group all having progeny, to keep for the production of 
more offspring and which to cull. Lush (1935) carefully investigated 
the theoretical accuracy of progeny testing as compared with individual 
selection. He came to the conclusion that when there is no correlation 
between phenotypes of offspring due to things other than genes received 
from the parent being evaluated and heritability is low, at least five 
progeny are necessary for the progeny test to be more accurate than 
individual selection. If there is a correlation as large as .25 within 
progeny due to nongenetic factors, progeny testing cannot possibly be 
as accurate as individual selection. 

The foregoing is based on the assumption that individuality can be 
evaluated in each animal. Actually this is not true of males for such 
characters as milk and egg production which are expressed only by the 
female. Progeny testing has particular usefulness and has been most 
used for these characters. 

In practice, even for these characters, however, progeny testing must 
nearly always be used as a supplement to other types of selection rather 
than as the sole basis. The following facts show why this is true: 

1. About half of all the animals bom are males. Since it takes several 
offspring to progeny-test an animal, only a small fraction of the males 
born can be progeny-tested in a population of constant size. Thus 
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initial selections must be on other bases. The selected few can be subject 
to culling on the basis of progeny-test information. Effectiveness of 
this is lessened by losses from disease, accident, and sterility, which are 
likely to have already taken a heavy toll by the time progeny-test 
information is available. Too, a high percentage of a sire’s breeding 
life will have passed by the time he is proved. These considerations lead 
to the conclusion that even in dairy cattle, where progeny testing is 
especially useful, no more than one-third of the sires in use at any one 
time can be progeny-tested individuals with above-average progeny- 
performance records. 

2. Waiting for progeny-test information on a sire before he is used 
extensively prolongs the generation interval. For instance, a dairy bull 
can first be used at from one to two years of age. It will be at least four 
years from the time he is first used until performance records on his 
daughters are available. If he is not used in the interim, or if none of 
his sons are saved for use as sires until after his proof is available, his 
sons can hardly be in service before he is eight or nine years of age. 

On the other hand, if family selection were used, a sire’s sons might 
be in use by the time he was three or four years of age. If this method 
of selection even approached progeny-test selection in accuracy, enough 
might be gained in generation interval to make more total progress in a 
given period of time. 

3. Progeny-test information will accumulate so slowly on cows and 
ewes that by the time an adequate sample of her progeny has been tested 
a female will have passed much of her useful life. Thus most female herd 
replacements in these species will have to be selected on the basis of 
individuality and family averages. This does not mean that in culling 
females consideration should not be given to progeny-performance 
records when available, but it does indicate the limitations. 

In the case of the hen and sow, progeny-test information can be 
obtained soon enough to be useful, but even in these species selection 
on the basis of individuality and family averages is more often used. 

The application of progeny testing will be discussed further in the 
chapters relating to each type of farm animal. 

Use of Indexes in Selection. Maximum selection intensity for each 
individual character can be attained only if selection is limited to this 
character. However, in most cases several characters have economic 
importance in farm animals and must be considered in a selection pro¬ 
gram. How this can be done most effectively is a problem of funda¬ 
mental importance. 

Hazel and Lush (1942) compared the theoretical values of three 
methods of selection. These included: (1) the tandem method, in which 
one trait is selected for exclusively until it is improved, then a second 
trait is considered, etc.; (2) the method of independent culling levels, in 
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hich a certain level of merit is established for each trait, and all indi¬ 
viduals below that level are culled regardless of merit in other traits; 

V d (3) the total-score method in which all traits are considered simul¬ 
taneously by using some index of net merit constructed by adding 
into one figure the credits or penalties given each animal for each trait 

C °They came to the conclusion that the tandem method was definitely 
inferior to either of the other two and that the total-score method was 
better than the method of independent culling levels. In practice, 
however, both the latter methods will probably have to be used, since 
in most herds at least some culling must be done before all the information 
needed for the optimum use of the total-score method is available. For 
example, in beef cattle, weaning weight and rate of gain after weaning 
are both 1 economically important traits, and in using the total-score 
method of selection we would want to give points for performance in 
each trait. If, however, our facilities for testing postweaning rate of 
gain were such that we could not evaluate all animals, we would have to 
do some culling at weaning and would have to cull arbitrarily those 
below a certain level in weaning weight. The reader will readily think 
of other similar cases. 

If as appears probable, some total-score method of selection is most 
efficient, we have the problem of how best to weight the different factors. 
Virtually every breeder does this either consciously or unconsciously 
every time he makes a decision to keep or cull an animal. The over-all 
efficiency of his breeding program will depend upon the correctness of 
weighting. Hazel (1943) studied the theoretical aspects of selection 
indexes and pointed out that the weighting which should be given each 
trait depends upon (1) its economic importance, (2) its heritability, 
and (3) the genetic relationships among traits. This means that traits 
with the greatest economic importance and with heritabilities high 
enough to indicate that progress could be made in selection should be 
those to receive emphasis. 

Since relative economic importance varies under different conditions 
and since heritability varies from population to population, it is doubtful 
that selection indexes of general usefulness for all animals of a species 
can be developed. Some indexes which have been used with each class 
of farm animal will be discussed in the chapters devoted to these animals. 

The foregoing discussion is based on the assumption that selection 
should be for all-round merit in each herd, strain, or breed. Some work 
(Dickerson, 1947) suggests that negative genetic correlations between 
traits may so limit progress of selection for all traits simultaneously 
within strains that maximum performance for some traits can be attained 

1 This does not imply that these are the only two traits of importance in beef cattle. 
They are used purely for illustration. 
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only through crossing of strains, some strong in one character and some 
in others. For this to be true, genes for each desired quality also would 
have to exhibit dominance to recover both desired traits in a cross. 
If further work should indicate this to be a general situation in farm 
animals, future emphasis may be directed toward selecting strains for 
one or a few traits with the idea of later using them commercially in 
crosses with strains especially good in other traits. 

Selection for Qualitative Characters. Although most economically 
important traits in farm animals are quantitative in nature, some impor¬ 
tant things are qualitative and are under the control of only one or a few 
pairs of genes. Most of the hereditary abnormalities and lethals con¬ 
sidered in Chap. XIV are of this type. 

Most lethals and abnormalities are recessive in nature. The undesir¬ 
able homozygous recessives are easily identified; they either die or can 
be culled. This discarding of the undesirable genes keeps their frequency 
low enough in large populations that they are of no great average impor¬ 
tance (see Chap. XII for details). They may, however, be of consider¬ 
able importance in a particular herd or flock. 

Such undesirable genes do become of great importance in breeding 
programs (1) if they are not completely recessive and have desirable 1 
effects in the heterozygous condition, so that heterozygotes are favored in 
selection, or (2) if they have pleiotropic effects one of which is good and 
one bad. 

The longest-known condition of the first type is that of Dexter cattle. 
Cattle of this type are always heterozygous for a semidominant gene which 
when homozygous produces a lethal achondroplasia (bulldog calves). 
Dexters themselves show the effects of this gene by shortness of leg. 
When intermated, Dexters produce about 1/4 long-legged individuals 
known as Kerrys, 1/2 short-legged Dexters, and 1/4 bulldog calves. 

Apparently the hereditary situation is as follows: 

Parents: 

Phenotype ’ Dexter X Dexter 

Genotype Dd Dd 

Gametes (l 

Offspring: 

Genotypes DD 

Phenotypes Kerry 

Preference of British breeders for the short-legged Dexters has resulted 
in the development of a breed carrying a lethal gene at a frequency of 0.5. 

1 We here use the term “ desirable ” to mean things favored by breeders. These may 
or may not be economically desirable things. 
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Since this type 


Since the heterozygotes are easily identified, it would be an easy matter 
for breeders to cull them if they so desired. The Dexter type can be 
propagated without the production of lethals by avoiding the intermating 
of Dexters. Kerry X Dexter matings give 50 per cent ot the latter type. 

A more insidious situation is that investigated by Ericsson (1913) in 
Swedish dairy cattle. A type of infertility characterized by gonadal 
hypoplasia was found to be highly hereditary, although not a clear-cut 
case of a single pair of genes. Although it was not demonstrated beyond 
all reasonable doubt, evidence indicated that unilaterally affected cows on 
the average produced milk with a higher-than-average fat test and were 


favored in selection. The gene or genes responsible for the condition 
attained such frequency in the breed that bilateral gonadal hypoplasia 
(with resultant sterility) reached a level constituting a serious problem 
to the breed. Intentional selection against the condition has since 
reduced the frequency greatly. 

In recent years a type of dwarfism characterized by small size, high 
mortality, bulging foreheads, undershot jaws, difficult breathing, a 
tendency to bloat, and poor coordination (Fig. 128) has reached a fre¬ 
quency in at least two breeds of beef cattle in the United States high 
enough to constitute an economic problem. It appears to be inherited 
as a simple recessive. Although definite proof is lacking, the apparent 
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increase in frequency of this defect strongly suggests that the gene is not 
completely recessive but is having some effect in the heterozygous condi¬ 
tion which leads breeders to select heterozygous (or “carrier”) animals 
for breeding purposes in more than a random proportion of the cases. 

Situations such as the foregoing are difficult to cope with. The hetero¬ 
zygous animals apparently have an average superiority but overlap so 
much with homozygous normals that they cannot be accurately identified 
phenotypically. Research may develop methods for identifying them. 
Until that time breeders will have to use pedigree and progeny-test 
methods for reducing the frequency of such conditions. Suggested 
methods include: 

1. Discriminate against normal progeny of known carrier animals in 
making selections. While a gene is rare in a breed this is a highly effec¬ 
tive method. Once it is widely distributed (and this is likely to happen 
before breeders realize the gravity of the situation) it is more difficult to 
find noncarrier lines of breeding. 

2. Slaughter all sires proved by the production of defective offspring 
to be carriers. This will do more than any other one thing to reduce the 
frequency. 

3. Take all proved carrier females out of the regular breeding herd and 
use them to test prospective herd sires. It is recognized that only a 
small proportion of sires can be tested in this fashion, but every carrier 
eliminated as a result of this type of test, particularly in stud herds, 
will help reduce the gene frequency. 

In fine-wool sheep, efforts to develop polled strains have been hampered 
by the occurrence of cryptorchidism. It is not definitely known whether 
the gene for polled has a pleiotropic effect leading to cryptorchidism or 
whether two closely linked genes are involved. 

Fertility and Health in Selection. Thus far in this chapter we have 
dealt with the basic genetic factors that must be considered in selection. 
It is appropriate that we consider also a few of the more elementary 
factors which can “make or break” the breeder. 

Earlier chapters were devoted to the problems of reproduction, fer¬ 
tility, .and sterility. Usefulness and profitableness depend so largely 
on the number as well as on the quality of offspring that this matter 
should receive a breeder’s close attention in selection. In the purchase 
of mature breeding animals one should ascertain their actual breeding 
history. If this is questionable or deficient, one would in general be 
much better off not to buy. If the deficiency is due in whole or in part 
to inherited weakness, no breeder would want the animal. If it is due to 
disease, harm could be done to the herd by the immediate spread of the 
condition. 

The maintenance of strict health requirements for any breeding herd, 
particularly in purchased animals, cannot be overstressed. Doubtless 



GENERAL PRINCIPLES OF SELECTION 


397 


more herds have been utterly ruined by the accidental introduction of 
disease than by any other cause. 

The Show Ring and Selection. In virtually all livestock shows ani¬ 
mals are placed almost entirely upon the basis of their “type,” or appear¬ 
ance as the judge evaluates it during the few minutes the animals are 
n the judging arena. Since all farm animals are bred for the production 
of meat, milk, eggs, or fiber, the show-ring procedures of judging animals 
solely on the basis of appearance are based on the assumption that type 
is highly related to productive value. The extent to which this is true 
for the various classes of farm animals will be taken up in later chapters 
dealing specifically with each class of animal. In general, however, the 
relationship between type and productive value is lower than is commonly 

believed. . . .. . 

The show ring has had a major place in shaping the type of all classes 

of livestock. Since the first American livestock show, held in Pittsfield, 
Massachusetts, in 1810, many thousands of animals have passed before 
the judges’ eyes. As now constituted, livestock shows have both advan¬ 
tages and disadvantages from the standpoint of livestock improvement. 

Among the disadvantages are the following: (1) Showyard winnings 
are often only slightly correlated with lifetime productive efficiency; (2) 
in the show ring there is no opportunity to appraise the breeding value 
of the animals except in a very limited manner through the “get of sire” 
and “produce of dam” classes; (3) clever fitting and showmanship can 
bring out strong points and cover up defects and weaknesses of various 
sorts, thus, in effect, making the show a contest between showmen rather 
than* between animals; (4) “fitting” for the show ring often demands a 
great departure from the “natural” condition by excessive fattening 
(often resulting in temporary or permanent sterility), by removing a 
great portion of the wool in “blocking,” and so on; (5) some showmen 
remedy defects by surgical means; (6) animals are often kept out of 
production while being fitted for show; (7) commercialized show herds 
often make extensive circuits, thus discouraging and, in effect, preventing 
local breeders from showing; (8) show winnings often create an artificial 
set of values for the offspring of winners regardless of their real merit; 
and (9) the types favored in show rings change from time to time, often 
as the result of fads rather than because of any real merit of the new type. 

The show ring is, however, the most effective medium yet discovered 
for molding breed type, whether in desirable or undesirable directions. 
This is probably its greatest advantage, but it has others, among them: 
(1) It brings breeders together for exchange of ideas and experiences; (2) 
it serves as one of the best advertising mediums for the breed, the indi¬ 
vidual breeder, and possibly for the livestock industry as a whole; (3) 
in a limited way at least it helps in discovering and popularizing the 
better genetic materials in the various breeds. 
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The show ring would be of greater service (1) if it did not demand 
overfitting, (2) if more classes would be provided for finished meat 
animals which could be slaughtered for carcass cut-out value determina¬ 
tions, (3) if placings could be made for a combination of production 
records and type, (4) if more judges gave oral reasons for their placings 
and (5) if more weight would be given to the older breeding animals’ 
progeny records in making placings. 

The livestock producer is interested in the type of animal that will 
make him the most money. Whether this is the type that is winning 
top honors at livestock shows should be a matter of continuous study. 
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CHAPTER XIX 


SELECTING DAIRY CATTLE 


We have now finished our discussion of the principles underlying the 
improvement of animals. In this and the three following chapters we 
shall get down to practical cases and indicate how the principles can be 
applied. We shall cover many phases of practical selection, though we 
cannot, of course, cover all possible situations. Each choice of males or 
females, each mating, each herd, each breed presents special problems. 
Only the person on the spot at the moment can supply the best answer, 
make the most nearly correct selection, and then only if he understands 
the basic principles involved and has good judgment and a reasonable 
amount of experience. 

Dairy cattle are found on about two-thirds of the farms in the United 
States, and their products account for about 15 per cent of the total cash 
farm income. Of the 22 million dairy cows in the United States, only 
about 5 per cent are purebred and registered, the remainder being 80 
per cent grades and 15 per cent nondescripts. The average production 
of all dairy cattle is estimated to be about 6,000 lb. of milk a year. 
Dairying is thus seen to be one of the most important phases of ani¬ 
mal husbandry. It is of special importance near the large centers of 
population. 

In one respect, selection of dairy cattle is somewhat easier than with 
other classes of farm mammals, for a measure of a cow’s producing 
ability in terms of milk and butterfat may be secured over her whole 
productive life. We can thus have tangible evidence of her average 
yearly lactation yield as well as that of her female offspring, though such 
actual records are currently available on only 4 or 5 per cent of our dairy 
animals. 

In another respect, dairy-cattle selection is more difficult than in other 
classes of livestock, since it is difficult, if not impossible, to estimate 
from the exterior form what the internal functioning will yield in terms 
of milk and butterfat. In this class of livestock, too, the male cannot 
evidence the quality for which the species is kept; t.e., the bull yields no 
milk, so that his genetic quality can be measured only through the per¬ 
formance or transmitting ability of his offspring, male and female. 
Selection is further complicated in dairy cattle by the fact that many 
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breeders desire their animals to evidence the approved dairy type in 
addition to being high and profitable producers, and the two things 
are not highly correlated. 

Genetically we are faced with the very serious problem that milk 
production is the end result of a long chain of events caused by manifold 
and complex physiologic functionings, which probably means that many 
genes and many kinds of gene interactions are involved. What we are 
trying to do, therefore, is to ascertain the genetic causes of very compli¬ 
cated physiologic processes in a species which has many chromosomes and 
few offspring. With 30 pairs of chromosomes, 2 30 gametic recombina¬ 
tions of paternal and maternal chromosomes are possible and 3 W possible 
zygotes (to say nothing of dominance and epistatic effects, crossing over, 
mutations, and chromosomal aberrations), and usually we have only a 
few score or hundreds of daughters of a bull and only three or four or 
five daughters of a cow. We may get a few landmarks, but the details 
of the genetic picture are quite likely to be blurred, and the whole picture 
seemingly turn out to be a mirage. 

In addition to all the above handicaps, the environment can play 
mean tricks on us and lead us astray. Milk production is a highly 
elastic affair, easily influenced by men, money, materials; feeding, fussing, 
fertilizing; and health as well as heredity. Finally, the cow is forced to 
live, produce, and reproduce under conditions very far removed from 
what might be called natural ones. 

In spite of the difficulties enormous progress has been made in improv¬ 
ing the productiveness and changing the type of our dairy animals. We 
have no pictures of the conformation of the cow that our savage, cave¬ 
dwelling, or nomadic ancestors tended, but it seems certain that it would 
win nothing but derision or a laugh if exhibited in a modern show ring. 
The earliest cows probably produced only enough milk to nourish their 
calves, whereas today many thousands of D.H.I.A. cows average over 
9,000 lb. of milk yearly, and the record production by a single cow stands 
close to 43,000 lb. of milk in a year. Progress has been made, and 
breeders have made it for the most part by following the belief in the old 
adage that “like begets like." Most breeders still find mass or pheno¬ 
typic selection useful, but it can be enhanced appreciably by considering 
records of performance on the part of collateral relatives as well as 
ancestors and progeny. 

While we must look to improved breeding practices for sustained and 
lasting improvement in our cattle, it must be pointed out that the man 
just beginning to specialize in dairying must depend on good feeding, 
good management, and judicious culling for immediate improvement. 
The long generation interval in cattle does not permit a rapid realization 
of the benefits of a well-planned breeding program. 
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Selection Goals in Dairy Cattle. Breeders of dairy cattle want their 
herds to exhibit many qualities of which the following is a partial list: 
high production, persistency, longevity, disease resistance, regularity of 
breeding, good disposition, easy milking, and good type. It is obvious 



Fio. 129. Pabst Fobes Burke (Excellent). Grand Champion bull. National Holstein Show 
and Reserve All-American Aged bull. 1955. Gray View B. D. Skyannc (Excellent). Grand 
Champion female, National Holstein Show and All-American 4-year-old for 1955. (Cour- 
lesy of Holstein-Friesian Association of America.) 


that with so many things clamoring for attention, considerable com¬ 
promise is bound to ensue. Although the individual qualities are con¬ 
sidered in our selection of breeding animals, each animal must be retained 
or rejected on the basis of the sum of all its qualities. Since the indi¬ 
vidual best in any one trait rarely will be best in a second or a third trait, 
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every effort must be made to select animals that possess the best com¬ 
bination of desired qualities. 

The problem of deciding upon the relative emphasis to be given each 
of the several traits, such as production and conformation, is first depend¬ 


ent on the amount of improvement in each trait that is likely to result 
from selection. Some traits may have such a low heritability that 
attempts at improvement by selection would be practically ineffective. 
A second point that must be considered in determining the attention to 


Fio. 130. Ayrshire hull. Vista Grand King (Excellent) (Double Approved). Sire of 134 
daughters that average 9424 lh. milk. 4.34%. 409 lb. fat. His 103 classified daughters 
average 0.854. Ayrshire cow. Alfalfa Karin Ann 2d undefeated Grand Champion of 
193G-37-38-39. (Courtesy of Ayrshire Breeders Ass'n.) 
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hp given a trait is the increase in profit to be expected from improvement 
of that trait. In herds where the sale of milk and fat is the chief source 
of income, the dairyman should concentrate on production, with emphasis 
on conformation only as it will influence the productivity and usefulness 
of his cattle. On the other hand, some breeders may have a market for 
breeding stock through buyers who demand and are willing to pay for 
excellence in such points as breed character, style, and color markings. 
Such a circumstance will dictate relatively more attention to these 

fancy points. . , .. 

Production and Selection. Since dairy cattle are maintained primarily 

to convert roughages, grains, and grain by-products into milk and butter- 
fat it is not surprising that production is given major emphasis in most 
selection programs. Since high records, like good type, also have sales 
and advertising value, and since many studies have shown that the 
return over feed costs moves steadily upward with increasing production, 
basing selection mainly on production seems justified. Unfortunately 
most dairymen cannot select intelligently for production or even cull 
wisely, since only 5 or 6 per cent of our dairy cows are currently being 

production-tested. 

Many dairymen appreciate the need for testing, but they too often 
let the press of other details lead to putting the testing aside. Nothing 
constructive can be accomplished in this manner, and herd improvement 
is at a standstill. Some dairymen may weigh their milk, but not on a 
regular basis. The high daily yield of a particular cow at the start of 
lactation will leave a vivid impression in the dairyman’s mind, but the 
persistency of the cow during the entire lactation can be evaluated only 
when complete lactation records are kept. For more rapid progress in 
dairy breeding we must have more records and factual information on 
which to base our judgment in selection. These seem to come very 
slowly, and too often the records we get are made under conditions which 
are more likely to serve advertising needs than genetic ones. Fortu¬ 
nately, increasing emphasis on testing the entire herd rather than a few 
special cows is a promising trend toward providing more useful informa¬ 
tion on those herds which are being tested. 

Numerous studies have pointed out moderate values for the heritability 
of production traits in dairy cattle. Values estimated from intra-sire 
daughter-dam regressions for fat and milk yield have averaged near 0.20 
to 0.30, with the values for milk being slightly larger than those for fat. 
Test is more highly heritable than either milk or fat, averaging near 
0.50 to 0.60 for most studies. With these values for heritability in the 
narrow sense, conscious efforts at selection should be rewarded by a 
gradual improvement in these individual production traits. A negative 
genetic correlation does exist between milk yield and fat test which offers 
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some deterrent to simultaneous improvement in both of these traits. 
The magnitude of this negative genetic correlation appears to vary for 
the several breeds, being lower for the low-testing breeds and higher 
among the high-testing breeds. Gaines predicted this condition even 
before the situation was examined in the individual breeds. 

Standardization of Production Records. The lactation production of a 
cow results from the interplay of heredity and environment. For 
accuracy in selection it is important that the record reflect as precisely 
as practicable the cow’s genetic potential for milk or fat production. 
The actual records themselves may be poor indicators of breeding value, 
since so many environmental influences have a marked effect on a 
cow’s performance during a particular lactation. Some of the more 
important items which deserve consideration are length of the lactation 
period, number of times milked daily, age of the cow at freshening, length 
of the preceding dry period, and the season of freshening. 

The D.H.I.A. Sire-proving Program and the sire programs of the Pure¬ 
bred Associations have adopted 305-day lactation records. This seems 

Table 46. Factors for Computing Lactation Records of Over 305 Days 

to a 305-day Basis 


305-308. 

_ 1 00 

337-340 . 

0 92 

309-312. 

.... 0.99 

341-344 

0 91 

313-316. 

_0.98 

345-348 . 

_0.90 

317-320. 

_0 97 

349-352 . 

0 89 

321-324. 

_0 96 

353-356. 

_ 0 88 

325-328. 

.... 0 95 

357-360. 

_ 0 87 

329-332. 

_0 94 

361-364. 

_ 0 86 

333-336. 

.... 0.93 

305 .... 

.... 0.85 


a logical base for measuring production, since a cow produces most 
profitably when she freshens each year. Breeders should strive for a 
12-to- 13-month calving interval. By using the production for the first 
305 days, cows can be bred to calve each year and still provide for a 
6-to-8-week dry period. Though the actual production for the first 
305 days is desired, often only a completed 365-day record is available, 
with no opportunity to compute the actual 305-day record. In such 
instances the 365-day record can be converted to a 305-day basis by 
using the factor given in Table 46. Use of production for only the first 
305 days also reduces to a considerable extent the variation resulting 
from the influence of gestation as well as length of lactation. 

Although the D.H.I.A. Sire-proving Program and the sire programs 
of the dairy-breed associations are based on 305-day lactation records, 
there is often a real need for using records of less than 10 months’ dura¬ 
tion. Some workers have advocated using records of less than 305 days 
to reduce the influence on the production record of variation in time 
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cows become pregnant after calving. Others have suggested using short 
time records in sire proving to shorten the generation interval by making 
the proof available sooner. Furthermore, a preliminary proof based on 
incomplete daughter records is often desired to provide information for a 
tentative decision on a bull. In the routine summary of a bull’s proof 
there may be one or more daughters or dams lacking complete records. 
In many cases this is due to culling for low production during the early 
months of lactation, and the omission of these records fails to provide 
an unselected summary. 

Although some breeders find it advisable to milk their cows three 
times daily, well over 90 per cent of the breeders milk their cows twice 


Table 47. Factors for Computino Incomplete Records to a 305-day 

Basis by 5-day Periods 



daily. Records made with three milkings per day need to be converted 
to a twice-daily basis, as found on the average dairy farm. Numerous 
studies have been made to evaluate the effect of frequency of milking on 
the total milk production during a lactation. While the results of these 
studies are not in complete agreement, there is sufficient evidence to 
indicate that on the average a cow milked three times a day will produce 
17 to 20 per cent more milk than if she is milked twice a day. Similarly 
a cow milked four times daily will produce from 26 to 30 per cent more 
than if she is milked only twice a day. The younger cows seem to show 
a greater increase in production from more frequent milking than the 
older cows. Factors for reducing records to a twice-a-day milking basis, 
as derived from studies of D.H.I.A. and herd-test records, are given in 
Table 48. 
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Table 48. Factors for Reducing Records of 305 Days or Less to a 

Twice-a-day Milking Basis 


Number of 
days milked 

Factor for 3-timcs-a-day 
milking 

Factor for 4-times-a-day 
milking 

2-3 years i 
of age 

3-4 years 
of age 

4 years 
of age 
and over 

2-3 years 
of age 

3-4 years 
of age 

4 years 
of age 
and over 

5-15 

0.99 

0 90 

0 99 

0 98 

0 99 

0.99 

16-25 

0 98 

0 99 

0.99 

0.97 

0.98 

0 98 

26-35 

0 98 

0 98 

0 98 


0 97 

0.97 

36-45 

0.97 

0.98 

0 98 


0 96 


46-55 

0 97 

0.97 

0.97 

H 

0.95 


56-65 

0 96 

0 97 

0 97 

0.93 

0.94 

0.95 

66-75 

0 95 

0 96 

0.96 

0 92 

0.93 

0.94 

76-85 

0 95 

0 95 

0.96 

0.91 

0 92 

0 93 

86 05 

0.94 

0 95 

0 96 


0 91 

0.93 

06-105 

0.94 

0 94 

0.95 

0 89 

0 91 

0.92 

106-115 

0.93 

0.94 

0 95 

0 88 

0 90 

0.91 

116-125 

0.92 

0 93 

0 94 

0 87 

0 89 

0.90 

126-135 

0.92 

0.93 

0.94 

0 87 

0 88 

0.90 

136-145 

0 91 

0.93 

0.93 

0.86 

0.88 

0.89 

146-155 

0.91 

0.92 

0.93 

0 85 

0 87 

0.88 

156-165 

0 90 

0 92 

0.93 

0 84 

0 86 

0 88 

166-175 

0 90 

0.91 

0.92 

0 83 

0 85 

0.87 

176-185 

0 89 

0.91 

0 92 

0 82 

0 85 

0.86 

186-195 

0 89 

0 90 

0.91 

0.82 

0 84 

fcgiJI sap 

106-205 

0 88 

0.90 

0.91 

0.81 

0.83 

0.85 

206-215 

0 88 

0.89 

0.90 

0 80 

0 83 

0.85 

216-225 

0 87 

0 89 

0 90 

0 79 

0 82 

0.84 

226-235 

0.87 

0.88 

0.90 

0.79 

0.81 

0.83 

236-245 

0.86 

0 88 

0.89 

0.78 

0.81 

0.83 

246-255 

0 86 

0 88 

0.89 

0.77 

0.80 

0.82 

256-265 

0.85 

0 87 

0.88 

0.77 

0.79 

0.82 

266-275 

0.85 

0 87 

0.88 

0.76 

0.79 

0.81 

276-285 

0.84 

0.86 

0.88 

0.75 

0.78 


286-295 

0.84 

0.86 

0.87 

0.75 

0.78 


296-305 

0.83 

0.85 

0.87 

0.74 

0.77 

IKSl 
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Cows gradually increase their lactation milk and fat yields from the 
time they first freshen as two-year-olds until they are six to eight years 
of age. Thereafter senility begins and the amount of fat and milk pro¬ 
duced during each lactation gradually declines. Fat tests generally 
decline slightly with age, but the change is so small that it is not usually 
of major importance. Furthermore, the majority of records are made 
by young cows from two to five years of age when actually there is little 
perceptible decline in fat per cent. 

Age-conversion factors are used to bring the 305-day production 
records to the basis of what a cow would be expected to produce if she 
were mature. The age-conversion factors given in Table 49 were 
developed by Kendrick for use in the D.H.I.A. Sire-proving Program. 
These factors as well as those for frequency of milking are based on 
averages of a large group of records. Although individual lactation 
records on an age-corrected basis will undoubtedly continue to be used, 
it should be remembered that correction factors can be used with much 
greater reliability where several individual age-corrected records are 
averaged. This point should be reemphasized for all the factors used to 
bring records to a standardized basis. 

The same conversion factors are used for both milk and fat when a 
record is expressed on a 305-day, 2X, mature-equivalent (M.E.) basis. 
Since the factors which have been presented are multiplicative factors, it 
makes no difference which factor is applied first when two or more factors, 
such as age and frequency of milking, are required for the same record. 

What accounts for the increase in production up to six to eight years 
of age? Without doubt the major reason is the increase in size that 
parallels advancing age. Along with the increase in body weight further 
development and growth of the udder takes place with successive fresh- 
enings. The age-conversion factors partially correct for each of these 
influences, but, as has been pointed out, they may inadequately adjust 
for age or size in individual cases. 

Since the fat per cent varies between breeds and also among cows of 
the same breed, Gaines and Davidson have suggested a method for con¬ 
verting milk of any test to a given standard fat-corrected milk (FCM). 
From the results of their studies the following formula was developed: 

4% FCM = 0.4 total milk + 15 total fat 

In addition to expressing milk on a 4 per cent FCM basis, milk of any 
test can be converted to any standard. The procedure is based on the 
figures used to convert milk to a 4 per cent basis. For example, 1 lb. of 
3.65 per cent milk is equal to 1 X 0.4 = 0.4 + 0.0365 X 15 = 0.55, 
or 0.95 lb. of 4 per cent FCM. Figures for converting milk of any test 
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Table 49. Age-conversion Factors for 305-day Production Records 



Ayrshire 

Brown 

Swiss 

Guernsey 

Holstein and 
Red Dane 

Jersey 

Age 

Factor 

Factor 

Factor 

Factor 

Factor 

1-9 

1.36 

1.48 

1.31 

pPJI 

1.32 

1-10 

1.34 

1.47 

1.28 


1.30 

1-11 

1.32 

1.46 

1.26 


1.28 

2-0 

1.30 

1.45 

1.24 

1.31 

1.27 

2-1 

1.29 

1.44 

1.23 

1.30 

1.26 

2-2 

1.28 

1.43 

1.22 

1.29 

1.25 

2-3 

1.27 

1.41 

1.21 

1.28 

1.24 

2-4 

1.26 

1.39 

1.20 

1.26 

1.23 

2-5 

1.25 

1.37 

1.19 

1.25 

1.22 

2-6 

1.24 

1.35 

1.18 

1.24 

1.21 

2-7 

1.23 

1.33 

1.17 

1.23 

1.20 

2-8 

1.22 

1.31 

1.16 

1.22 

1.19 

2-9 

1.21 

1.29 

1.15 

1.21 

1.18 

2-10 

1.20 

1.27 

1.14 

1.20 

1.17 

2-11 

1.19 

1.25 

1.13 

1.19 

1.16 

3-0 

1.18 

1.23 

1.12 

1.10 

1.16 

3-1 

1.17 

1.21 

1.11 

1.17 


3-2 

1.16 

1.20 

1.10 

1.16 


3-3 

1.15 

1.19 

1.09 

1.15 

Iliai 

3-4 

1.14 

1.18 

1.09 

1.14 

BUS 

3-5 

1.14 

1.17 

1.09 

1.13 

1.10 

3-6 

1.13 

1.16 

1.08 

1.12 

1.09 

3-7 

1.13 

1.15 

1.08 

1.12 

1.09 

3-8 

1.12 

1.14 

1.08 

1.11 

1.08 

3-9 

1.12 

1.13 

1.07 

1.10 

1.08 

3-10 

1.11 

1.12 

1.07 

1.10 

1.07 

3-11 

1.11 

1.11 

1.07 

1.09 

1.07 

4-0 

1.10 

1.10 

1.06 

1.08 

1.06 

4-1 

1.10 

1.09 

1.06 

1.07 

1.06 

4-2 

1.09 

1.09 

1.06 

1.06 

1.05 

4-3 

1.08 

1.08 


1.05 

1.05 

4-4 

1.08 

1.08 

1.05 

1.05 

1.04 

4-5 

1.07 

1.07 

1.05 

1.04 

1.04 

4-6 

1.06 

1.07 

1.04 

1.04 


4-7 

1.06 

1.06 


1.03 


4-8 

1.05 

1.06 


1.03 


4-9 

1.05 

1.05 

19is3' Hi - 

1.03 

1.03 

4-10 

1.04 

1.05 

1.03 

1.03 

1.02 

4-11 

1.04 

1.04 

1.03 

1.03 

1.02 
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Table 49. Age-conversion Factors for 305-day Production Records ( Continued) 



Ayrshire 

Brown 

Swiss 

Guernsey 

Holstein and 
Red Dane 

Jersey 

Age 

Factor 

Factor 

Factor 

Factor 

Factor 

6-0 



1.02 

1.02 

1.02 

6-1 


ipSKwjTJ&ln 

1.02 

1.02 

1.02 

6-2 


1.03 


1.02 

1.01 

6-3 

SB w^BOl 

1.03 

1.01 

1.02 

1.01 

6-4 


1.03 

1.01 

1.02 

1.01 

6-6 



1.01 

1.02 

1.01 

6-6 

MB 


1.01 

1.02 

1.01 

6-7 

1.01 

1.02 

1.00 

1.01 

1.00 

6-8 

1.01 

1.01 

1.00 

1.01 

1.00 

6-9 

1.01 

1.01 

1.00 

1.01 

1.00 

6-10 

1.01 

1.01 

1.00 

1.01 

MSiPI 

6-11 

1.01 

1.01 

1.00 

1.01 


6-0 

1.00 

mrm 

1.00 

1.00 


to 


ifipiii 

e 



7-11 

1.00 


1.01 

1.00 


8-0 

1.00 

1.00 

1.01 

1.00 

HEM 

8-1 

1.01 

1.01 

1.02 

1.00 


8-2 

1.01 

1.01 

1.02 

1.00 

1.02 

8-3 

1.01 

1.01 

1.02 


1.02 

8-4 

1.01 

1.01 

1.02 

ri 

1.02 

8-5 

1.01 

1.01 

1.02 

IT 

1.02 

8-6 

1.01 

1.01 

1.02 

1.01 


8-7 

1.01 

1.01 

1.02 

1.01 

■. SI-J I 

8-8 

1.01 

1.01 


1.01 

IB 

8-9 

1.01 

1.01 


1.02 

1.02 

8-10 

1.01 

1.01 


1.02 

1.02 

8-11 

1.01 

1.01 

1.02 

1.02 

1.02 

9-0 


1.01 


1.02 

1.02 

9-1 

WXZjm 

1.01 


nr -mu 

1.03 

9-2 


1.01 


BsB 

1.03 

9-3 

VI 

1.01 

H 1 Ii 

MB 

1.03 

9-4 


1.01 

1.03 


1.03 

9-5 

.-*- 1 B'r 

1.01 

1.03 

BfcB 

1.03 

9-6 


1.02 

1.03 


1.03 

9-7 

1.02 

1.02 

1.03 


1.03 

9-8 


1.02 

1.03 

BLI 

1.03 

9-9 


1.02 

u 

BHB 

1.03 

9-10 


’1.02 


1.04 

1.03 

9-11 


1.02 


1.04 


10-0 

1.03 

1.02 

mwm: 

1.04 


10-1 


1.02 


1.04 


10-2 


1.02 

BE m 

1.04 

1.04 


• Factor for Guernseys and Jerseys is 1.01 beginning at 7 yr. 6 mo. 
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Table 49. Age-conversion Factors for 305-day Production Records (Continued) 



0-9 

0-10 

0-11 

11-0 

11-1 

11-2 


11- 9 
11-10 
11-11 

12- 0 
12-1 
12-2 


Ayrshire 


Factor 


1 03 
1 03 
1.03 
1.03 
1.03 
1.03 


Brown 

Swiss 


Factor 


02 
02 
1 02 
1.03 
1 03 
1 03 


Guernsey 


Factor 


.04 
.04 
1.04 
.05 
.05 


Holstein and 
Red Dane 
Factor 


1.05 
1 05 
1 05 
1.05 
.05 
1 05 


Jersey 


actor 

1.04 

1.04 

1.04 

1.05 

1.05 

1.05 
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AGE AT FRESHENING (M0£.) 

Fio. 131. Differences in rate of increase in milk and fat production with age for the five 
major dairy breeds. (Baaed D.H.I.A. oge-utnversion factort.) 

Table 50. Factors to Convert Production to Various FCM Standards 


Conversion factors 

Breed Average test*- 

Milk Total fat 


Ayrshire. 4.12 0 39 14.7 


Brown Swiss. 4.15 0.39 14.7 

Guernsey. 4.84 0 36 13 3 

Holstein. 3.65 0.42 15.8 

Jersey. 5 26 0 34 12.6 


• From Artificially-sired Daughter Average* of Sires in Service in Artificial Breeding Associations 
Dairy Herd Improvement Section. A.R.S., 1955. 

to a standard 3.65 per cent FCM are obtained by dividing 0.4 M + 15 F 
by 0.95, which gives 0.42 M and 15.8 F. 

Factors for the various breeds are found in Table 50. With these 
factors a breeder can express the production of all of his cows on a com¬ 
mon energy basis of the standard FCM for his breed. 

Our present system of selecting cows and sires on total-lactation yield 
takes no account of difference in maintenance requirements for the large 
and small cows. In fact, continued emphasis upon total yield per cow, 
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regardless of size, could tend to develop low inherent efficiency, com¬ 
pensated by increasing the size of the cow. Studies to date have sug¬ 
gested that from a physiologic point of view small cows are from 3 to 
5 per cent more efficient in converting feed energy into milk energy. 
It has been postulated that this could have possibly resulted from our 
emphasis on total production, requiring the small cow to produce total 
fat or milk equivalent to that of her larger stable mates in order to remain 
in the herd. 

Gaines has recommended using the fat-corrected milk for the first 
eight months of the lactation per unit of initial live weight of the cow 
rather than the standardized 305-day record to measure lactation per¬ 
formance. He has maintained that this measure is independent of (1) 
the service period and length of lactation, (2) the age of the cow at the 
start of lactation, (3) fatness of the cow at the start of lactation, (4) live 
weight of the cow at the start of lactation, (5) composition of the milk 
for the lactation, and (6) breed of cow. 

From a practical viewpoint his measure does not take into considera¬ 
tion the increased managemental efficiency which is in favor of the large 
cow. Since it takes little extra time to milk, feed, clean, and manage 
a large cow producing more milk than a small cow, it is obvious that 
labor, management, and other overhead costs should be less per unit of 
milk produced from large animals of comparable efficiency. Some com¬ 
bination of physiologic efficiency and optimum size of cow would be 
essential to make for an effective selection criterion using Gaines’ proposal. 

Type and Selection. Type is an old means of evaluating animals, 
having appeared in Roman animal-husbandry writings of nearly 2,000 
years ago. In those days the bovine was used primarily as a draft 
animal. The ideal animal was to be well made; sound, deep-bodied; 
with long, thick neck; broad, high shoulders; a wide, deep body; good 
rump; short, straight legs; good hoofs; and a smooth, soft hide. Included 
with these points, which obviously have some bearing on power, were 
stipulations that the animal have dark horns, hairy ears, flat nose, black 
muzzle, tail reaching to the heels, and preferably be black in color- 
points which might be described as fancy rather than strictly utilitar¬ 
ian. With this for a starter, or even without it, it is not surprising 
that dairy-cattle score cards continue to carry aesthetic as well as utili¬ 
tarian requirements. 

The presently used score card for dairy cows of all breeds allots 30 
points to general appearance, 40 points to dairy character and body 
capacity, and 30 points to mammary system. It seems impossible to 
quarrel with the latter two divisions, which have to do with the size and 
quality of body and udder. Many statistics are available which show 
that the larger cows within a breed are the higher producers. Other 
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traits are more difficult to measure, but experience has shown that 
generally cows of a lean, angular type, of moderate-sized bone of thin 
hide and with udders which, when milked out, are soft and yielding, are 
usually higher milkers than those with the contrasting attributes. But 
whether or not one pays attention to so-called “type” in practicing 
selection, he is probably going to select cows which are lean in the neck, 
shoulder, and thigh; deep and wide in body and flank; and carrying a 
capacious mammary system of high quality. 

Prior to 1929 the show ring and score card were the only yardsticks lor 
measuring type or conformation in dairy cattle. Beginning in 1929 the 
Holstein-Friesian Association of America inaugurated a type-classifica¬ 
tion program which was followed shortly thereafter by the other breed 
associations. These programs represent the most nearly scientific 
approach made toward measuring and recording the type of large num¬ 
bers of dairy cattle. During the early years only the over-all rating of a 
cow was given, viz., Excellent, Very Good, Good Plus, Good, Fair, and 
Poor. An over-all rating such as Good did not point out whether the 
cow was off in general appearance, body capacity, dairy character, or 
mammary system. More recently ratings have been made on the indi¬ 
vidual score card breakdowns. This has represented a sound advance, 
but even yet, when a bull’s daughter’s udders average only Good, we do 
not know whether they scored low because they were small, unbalanced, 


poorly attached, or showed poor teat placement. 

Still another drawback to using type to evaluate animals is that ani¬ 
mals look different on different days and in various stages of lactation. 
Classification ratings change with age and, besides, different classifiers 
vary in their emphasis on and evaluation of borderline defects. 

During each calving interval a cow usually undergoes a cyclic change 
in physical appearance. In the majority of cases the cow puts on flesh 
during the dry period and has a certain bloom, which is lost during 
lactation. The size and appearance of the udder also changes. Data 
collected at the West Virginia Station indicated that classification ratings 
were higher on cows classified during the first three months of a lactation 
or just before freshening as compared with the middle segment of the 
lactation. Work at the same station indicated that different classifiers 


varied most in their appraisal of defective feet and legs and udders. 

Good-type animals are more likely to have good-type offspring than 
are poor-type animals. Figure 132 shows the type distribution of 
5,616 daughters of classified cows of one of our dairy breeds. Excellent 
cows do not drop only Excellent daughters: Poor cows do not drop only 
Poor daughters. However, there is a positive, though small, relationship 
between the type of cow and that of her daughters. The results of 
several investigations of the heritability of type ratings suggest that 
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selection for over-all type improvement should meet with at least a mild 
degree of success. The results of the studies on the heritability of type 
are shown in Table 51. These values are for the heritahility of intra¬ 
herd differences. They indicate an average heritahility of about 0.25; 
i.e., the offspring on the average inherit about one-quarter of the superi¬ 
ority exhibited by their parents. 



Fig. 132. Distribution of classified daughters from classified dams. 


Reproductive Efficiency and Selection. Cows must calve regularly; 
i.e., they must be efficient reproducers if they are to maintain a high- 
average daily milk yield. The increased use of artificial insemination 
during the past ten years has stimulated maintaining better breeding 
records and focused attention on reproductive troubles in dairy cattle. 


Table 51. The Heritability of Final Type Scorf.s 


Heritability 

Breed 

Source 

0 30 

Ayrshire 

Tyler and Hyatt 

0.14 

Jersey 

Harvey and Lush 

0.21 

Jersey 

Rennie 

0 25 

Jersey 

Tablcr and Touchbcrry 

0.31 

Ayrshire 

Freeman and Dunbar 


Several measures of reproductive efficiency, such as services per con¬ 
ception, calving interval, days from first breeding to conception, and 
indexes based on a calf each twelve months, have been studied to deter¬ 
mine whether or not selection for improved reproductive performance 
can be effective. Table 52 gives a summary of the repeatability and 
heritability values obtained for several of these measures of reproductive 
efficiency. 
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The low heritability values point out that most of the variation in the 
commonly used measures of reproductive efficiency is nongenetic. 
Furthermore, the low repeatability values for these measures of reproduc¬ 
tive efficiency indicate generally that, for example, the number of services 
required for conception is a poor indicator of the number of services 
rpntiired for future conceptions. 

Genetic influences have been shown to be more important for several 
soecial conditions. Work at Wisconsin has shown that the development 
of the cystic-ovary condition is influenced by the genetic make-up of 
the cow The heritability of the occurrence of the cystic condition 
sometime during the cow’s life was 0.43. A number of lethal and semi- 
lethal genes also exert some influence on the measures of ieproducti\ 


Table 52. Repeatability and Heritability ok Breeding Efficiency 


in Dairy Cattle 

Measure used 

Repeat¬ 

ability 

Herit¬ 

ability 

Source 

Services per conception. 

0 22 
0.13 

0 08 

0 07 
0.07 
0.05 

0.12 

0 11 

zero 

0.13 


Berge 

Ostergaard 

Olds and Scath 

Leonard 

Asdcll 

Dunbar and Henderson 
Dunbar and Henderson 

Pou el al. 

Pou el al. 

Legates 

Legates 

Services per conception. 

Services per conception. 

Calving interval.. 

Nonreturns to first service. 

Calving interval.. 

Services per conception... 

Days first service to conception. 

Services per conception.. 

Calving interval. 

0.004 

zero 

0.07 

0.07 

0.03 

zero 


efficiency mentioned above, since they influence embryonic mortality. 
Other lethal or semilethal genes are responsible for a portion of the calves 
which are dead at birth. Certain other genes may prevent fertilization, 
such as in the white-heifer disease that is often observed in white Short¬ 
horns. Ovarian and testicular hypoplasia (underdevelopment) and 
sperm abnormalities of genetic origin have also been reported. 

The use of the measures of reproductive efficiency shown in Table 52 
is restricted because they are concerned with variations among fertile 
cows. In practice, however, nature has selected against and continues 
to select against poor reproductive efficiency. Those cows which fail 
to settle are eliminated from the population naturally; hence our real 
opportunity to improve fertility by selection lies in being able to dis¬ 
tinguish the differential fertility among those cows which are capable of 
dropping offspring. The precision with which we can make these dis- 
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tinctions is restricted, as the generally low values for repeatability and 
heritability indicate. Application of genetic principles in selecting for 
fewer services per conception or for a shortening of the calving interval 
seemingly has little to offer the dairy-cattle breeder. 



1 in. 133. M<-I)on:il.| Karin* Pro Rival. Grand Champion male at the 1954 National Guern- 
>cy Show. Hasan Kurins Merry Sons (Excellent) three times National and International 
Grand Champion Guernsey cow with 15.5G4 lb. of milk and 817 lb. of fat in 305 days on 
3 X at 5 yr. 


Disease Resistance and Selection. The use of preventive and thera¬ 
peutic measures has been relied upon to control most of our cattle 
diseases. Selection for resistance to specific diseases has been a much 
more attractive approach to disease control in plants than in animals. 
When inexpensive control and preventive measures are available, it is 














SELECTING DAIRY CATTLE 

difficult to justify, practically, breeding for disease resistance in animals 
of so high individual economic value and of so slow a reproductive ra e 
as cattle. In addition, with so many desired qualities to select for only 
those diseases which seem to defy effective prevention and control can 
be justifiably included in the selection goal. 

Mastitis in dairy cattle represents a disease problem which is ditticuit 
to prevent or control effectively, since so many different pathogens can 
produce the disease. Many workers have pointed out special instances 
which indicate that the susceptibility to mastitis manifested by related 
animals might have a genetic basis. The results of Murphy’s study 
given in Table 53 is an example of this type of evidence. In addition, 

Table 53. Incidence of Mastitis in Two Cow Families, Showing the Percentage 
of the Milking Time Occupied by Infection* 


Dams 

Daughters 

Granddaughters 

Cow 

Infection 
per cent of 

Cow 

Infection 
per cent of 

Cow 

nn 

Infection 
per cent of 

no. 

milking time 

no. 

milking time 

I1W. 

milking time 

283 

100 0 

469 

50 0 

558 

66.7 



505 

70 4 

614 

20 8 



593 

83 3 



247 

0.0 

480 

12 5 

638 

4.2 



515 

18 

646 

50.0 



559 

12.5 





604 

16.7 




• MORPHT et at., Cornell Vet.. S4:I86. 1944. 

two studies have yielded heritability estimates for mastitis resistance of 
0.27 and 0.38. Other reports and observations indicate that pendulous 
udders predispose to mastitis by permitting the teats and udder to be 
subject to injury and infection. Udder size, strength of attachment, 
and the strength of the teat sphincter may be genetically influenced 
and related to mastitis susceptibility. 

Should future studies justify major emphasis on mastitis resistance in 
dairy-cattle selection, the progeny testing of bulls for their transmission 
of genes influencing resistance offers a possible breeding approach to 
reducing the incidence of mastitis. Such a program has its limitations, 
however, since a satisfactory phenotypic evaluation of the daughters of 
a sire by present methods must be delayed until they have completed 
their second or third lactations. Without an early individual test for 
mastitis, selection must be based on pedigree or family information, 
with the bull’s dam or his sisters receiving major emphasis. 
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Other Traits and Selection. From a practical standpoint a dairyman 
may desire many other qualities in his cattle. He will want cows that 
are not too high-strung and nervous and that are easy to milk, having 
teats which are neither too large nor too small and are well placed. 
Animals that are generally vigorous, maintain high production for a long 
time during each lactation, and remain productive for several years will 
he desired. Longevity, however, is difficult to select for, since family 



1930 1935 1940 1945 1950 1955 

YEAR 

Fio. 134. Increase in average milk production per cow from 1926 to 1954 for all cows kept 
for milk in the United States and for all cows on Dairy Herd Improvement Association 
Test. 

selection must be used, and generally the selection pressure cannot he 
intense. 

In some regions strains of cattle which can tolerate high environmental 
temperatures are desired. In beef cattle the introduction of Indian 
cattle not only improved heat tolerance but also developed a resistance 
to ticks which cause Texas fever. Emerging from this effort was the 
development of the Santa Gertrudis breed, which on the average had 
3/8 blood of Indian cattle and 5/8 Shorthorn blood. 

Attempts to duplicate this with dairy cattle have been made by crossing 
Red Sindhis with our European dairy breeds. The problem of incorporat¬ 
ing heat tolerance in dairy cattle, however, appears to be a task of greater 
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nrocortion than it was with beef cattle. Studies to date have suggested 
that the ability of animals to maintain lower body temperatures, an 
hence more heat tolerance, is more closely related to lower heat produc¬ 
tion than to improved heat dissipation. Much heat is produced in mi 
secretion, and the demand for higher milk production makes the problem 
more acute. While the problem cannot be stated with certainty at 
present, it appears likely that efficiency of feed utilization, with a greater 
proportion of the ration going to milk energy rather than to heat energy, 
mav enter into the development of heat tolerance in our dairy animals. 

Dairy-cattle breeders generally have not directly considered the 
problem of efficiency of feed utilization and conversion to milk. Work 
with identical twins and controlled-feeding trials to point up the possi¬ 
bilities in this field are almost certain to be intensified. 

Dairy cattle have long been pointed to as one of the most efficient con¬ 
verters of coarse roughages into nutritious human food. The increased 
human population competing for cereal grains and the emphasis on 
grassland farming are certain to demand attention in developing cows 
that can consume and utilize large quantities of roughage. Exploratory 
work by one of the authors has pointed up wide individual differences 
among cows in the amounts of good-quality alfalfa hay which cows fed 
limited grain will consume. The cows ranged from 2.63 to 4.37 lb. of 
hay consumed per 100 lb. of body weight. This, as well as the other 
qualities mentioned in this section, will need to be studied thoroughly 
before advocating attention to these traits in addition to the multitude 
of qualities already being considered in selection programs. 

Basis for Selection. Improving our dairy cattle depends, first, on 
our being able to recognize those animals which are genetically superior 
and, second, upon how effective we are in permitting these superior 
animals to reproduce. Rating and selecting of females involves, for the 
most part, selection among cattle within one herd. If the animals 
in the herd are handled as a unit, so that one is not deliberately 
given special attention and another neglected, the average production 
for the herd will be a wise base upon which to compare the cows in the 
herd. Even within the herd, cows will not have the same opportunity 
to repeat their performance with respect to the herd average each year. 
Certain temporary environmental conditions for individual cows within 
the herd will be better during one year than during other years. 

High records within a herd result because the cows making the high 
records are inherently good cows and also because they had a better-than- 
average opportunity in so far as the herd environment was concerned. 
The superiority due to the cow’s own ability will tend to be repeated in 
subsequent lactations. However, a new set of temporary environmental 
conditions will be experienced which in succeeding lactations should be 
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more like the average for the herd. These principles will be keenly 
appreciated if a breeder will divide his herd into a high and a low half 
on the basis of production in one year, and note the average production 
of these two groups during a second year. This was illustrated in 
Fig. 88 of Chap. XIII. 

The regression of the future records on the present records or the degree 
to which a record is repeated should be known in order to select effectively 
those cows which will perform best during the next year. This actually 



Imo. 135. Normal curves with standard deviations in proportion to 100, 66, and 63 repre¬ 
sentative of the probable distribution of actual records, real producing abilities, and breed¬ 
ing vnues. Cows with the best records generally are not as good as their records, and cows 
with the worst records generally are not so poor as their records. (From Lush et al., Jour. 
Dairy Sex. 29 :719, 1943.) 

involves predicting what Lush has termed the cows “most probable 
producing ability” for the next lactation. When the cow has only one 
record her most probable producing ability is equal to: 

Herd average + r (cow’s average — herd average) 

where r is the value for repeatability. This value shows how much 
reliance can logically be placed on the cow’s average to indicate how 
much of her superiority or inferiority, as compared with the herd, we can 
expect to be exhibited in her next lactation. Following the above 
expression, if a cow produced 500 lb. of fat in a herd averaging 400 lb., 
assuming a repeatability of 0.40, we would predict that she would produce 
440 lb. of fat in her next lactation. Of the 100 lb. the cow was above 
the herd average, about 40 lb. would be attributed to the cow and the 
other 60 lb. would represent superiority resulting, on the average, from 
fortuitous temporary environmental conditions. 

When a cow has several records, more dependence should be placed on 
her average as an indicator of what she will produce in her next lactation. 
This added reliance is demonstrated by the change in the formula for 
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computing the cow’s most probable producing ability. When the cow 
has several records her most probable producing ability is: 

Herd average + t + 1)r (cow’s average - herd average) 

If we assume the cow used in our previous example had three records 
rather than one, we would anticipate that 0.67 rather than 0.40 of her 
superiority would be exhibited in the next lactation. By the above 
formula cows having different number of lactation records can be 
compared equitably* 

The herd average is not a stable value from year to year; consequently 
a more realistic and accurate approach is to compare each cow’s record 
with the herd average for that particular year. Realizing that the herd 
average could easily vary from 20 to 40 lb. in a year, each cow can be 
evaluated in terms of how much above or below the herd average she 
will be expected to produce. The differences between the cow’s record 

and the herd average would be summed and multiplied by { + ^ j - ^ r 

to predict her expected production above or below the herd average. 

Predicted production above or below herd average 

s —ty- / (cow’s record — yearly herd average) 

1 t - l)r l/ 

Ranking cows in the herd on the basis of their predicted producing 
abilities is an effective way to assemble production information to aid 
in culling. The standards for culling will be relative rather than rigid. 
A herd under selection for many years should be able to meet a higher 
standard than younger herds. 

Heifers which did extremely poorly during the first lactation under 
apparently normal conditions should be culled. The doubtful or border¬ 
line cases should be allowed a second chance. However, by the time 
the second lactation is four or five months along, it should be fairly evi¬ 
dent whether or not these cows should be culled. 

During years when a small number of replacements is available, culling 
will not be so intense. In any case, when herd size is being maintained, 
only a few of the poorer cows can be culled. 

Selection for Future Performance in Progeny. It is often worth while 
to pay attention to the records of a cow’s relatives in addition Jo her own 
records, to determine her average breeding value or transmitting ability. 
This is a sound procedure, since the heritability of most economically 
important traits is less than 1.0 If heritability actually were 1.0, the 
phenotype of the animal would directly reflect its breeding value and 
there would be no need to consider the relatives’ performance. The 
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individual’s performance receives nearly all the emphasis when herit.a- 
hility is high, but there is room for emphasis on relatives’ performance 
when heritability is low. With traits having heritability values as high 
as 0.20, the individual’s own performance should still receive most 
emphasis in predicting the animal’s breeding value. 

Even when the information on relatives is used, only the close relatives 
are worthy of major emphasis. Generally, these would be a cow’s dam, 
daughters or full sibs bearing a 50 per cent relationship, and her maternal 
and paternal sisters being approximately 25 per cent related. Much 
has been written about cow families and their importance in determining 
the breeding value of an animal. So far as the family consists of a cow, 
her dam, and her daughters, the concept has much utility. However, 
the usual definition of a cow family as all the female ancestors arising 
from one foundation female has received more attention than is justified. 
The use of sires across all of the so-called “families” within a herd makes 
it possible that the family may include many individuals less closely 
related to other members within the same family than they are to mem¬ 
bers of another family within the herd. When this situation exists, little 
but deception is achieved by extending the cow family to include relatives 
more remote than grandparents. 

Results from three systematic studies have shown that when the 
differences among sires were accounted for, the so-called cow families 
failed to show significant differences in production or reproductive 
efficiency. Another study has shown that the establishment of so-called 
cow families depends mostly on the chance occurrence of a large propor¬ 
tion of females from particular female lines. The foundation cows 
heading up the major cow families in one herd had GO per cent female 
offspring, and the foundation cows without current descendants had only 
42 per cent female offspring. 

Analyzing the herd into its foundation lines in order to obtain a clearer 
picture of the female relationships within the herd and also for noting how 
the herd has developed has much to recommend it. Nevertheless, in 
using family relationships to appraise critically the probable breeding 
value of a young heifer or a young bull for most traits, animals of less 
than 25 per cent relationship to the individual in question cannot be 
justifiably included. The meager amount of information which more 
remote relatives add is seldom sufficient to counterbalance the risk of 
deception which environmental changes during the longer time interval 
may inject. 

As a general rule for milk and fat, the performance of the dam and 
each daughter of a cow should receive about one-third as much emphasis 
as the cow’s own performance in predicting her breeding value. When 
it is desirable to combine the information for close relatives and the indi- 
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vidual into one figure which is proportional to the animal’s breeding 
value, a selection index may be used. One such index for fat yields has 
been developed in which the phenotype of each cow and close relative 
is expressed as its most probable producing ability as shown on page 421. 
The index values (/) for all animals in a herd can be determined sys¬ 
tematically according to the following formula: 

I = X \ -t- O.4X2 + 63X3 + 64X4 + 6*Xs. 

In this procedure Xi and X 2 are the predicted real producing abilities 
of the cow (Xi) and her dam (X 2 ), and X a , X 4 , and X s are sums of the 
most probable producing abilities of the cow’s daughters, maternal sisters, 
and paternal sisters, respectively. The values for 63, 64, and b b vary as 
the number of daughters and sisters vary. These b values given in 
Table 54 are regression coefficients indicating the emphasis to be given 
each relative’s or group of relatives' most probable producing abilities. 

Table 54. Values ok 61, 64, and 6» for Different Numbers of Daughters (n 8 ), 
Maternal Sisters (n 4 ). and Paternal Sisters (n s ) 



6, 


6* 

1 

0 38 

1 

0 05 

2 

0.36 

2 

0 08 

3 

0.34 

3 

0 07 

4 

0.31 

4-5 

0 06 

5 

ITT 

6-7 

0.05 


=98 

8-11 

0 04 

n« 

MW 

12-15 

0.03 

1 

o_*» 

0.10 
n no 


1 1 ~ 

4-5 

0 08 

20 

0 02 


•The individual for which the index value (/) is deaired is included in n»; thus when n» equals 1, 
Xi and A'i are the same. 

The b values decrease in size as the numbers increase because the sums 
for X 3 , X 4 , and X s are used. Considerable complexity also is avoided 
in the index by simply including each full sister as a maternal and again 
as a paternal sister. 

Opportunity to Select. In many instances a breeder may not be able 
to cull as intensely as he would like, since economic considerations enter 
the picture. When he is setting his marketing base, he may elect to 
retain certain cows that he would not want to keep in his herd. During 
periods when the cost of raising a heifer to milking age is greater than her 
beef value unpromising heifers would be culled a bit more strictly. Since 
culling cows without production records is less accurate than after a 
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record on the cow is available, genetic improvement may be slowed down 
a bit but probably not enough to make it worth while to incur the extra 
cost of raising the questionable heifers. 

At other times the opportunity to select will be limited by the replace¬ 
ments which are available. A summary of over 2 3/4 million cows in 

Table 55. Percentage of Cows Leaving Herds for Various Reasons* 


Reason Per cent 

Dairy purposes. 5.1 

Low production. 7.3 

Udder troubles. 2.5 

Abortion. 1.5 

Sterility. 1.8 

Death. 1.1 

Old Age. 0.6 

Other. 1.7 

Total. 21.6 


• From Abdell. 8. A.. Jour. Diary Sc*.. *4:531, 1851. 

the United States points up the following reasons why cows leave the 
herd. Out of every 100 cows in the herd approximately 22 are replaced 
each year. Of these 22 cows 10 leave the herd for reasons not directly 
associated with production. If the cows sold for dairy purposes are 
included among those that could be culled for low production, about 

Table 56. Percentage of Cows in D.H.I.A. Herds in Each Aoe Group and 
Number of Cows Remaining for Each Orioinal One Hundred 2-3-year-olds 

Enterino the Herd* 


Age in years 

Percentage 

Number at each age 

2-3. 

wrm 

100.0 

3-4. 


72.3 

4-5. 


58.1 

5-6. 

K1S M 

47.2 

6-7. 

9.69 

39.9 

7-8. 

7.32 

30.1 

8-9. 

5.69 

23.4 

9-10. 

3.69 

15.2 

10-11. 

2.58 

10.6 

11-12. 

1.41 

5.8 

12-13. 


4.3 

13 and over. 

Bfl 

4.4 


• From Cannon and Hansen. Jour. Dairy Sc*.. *1:1025-1039. 1939. 

12 cows in 100, or 1 cow in 8, are presently eligible to be culled for low 
production. 

Studies of cattle replacements point out that approximately one out 
of every three pregnancies terminates in a cow which will eventually 
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complete a lactation. Hence it is easy to see that there are definite 
limitations to improving the herd solely on the basis of female replace¬ 
ments, even if the proportion of cows leaving the herd for reasons pre¬ 
sumably not associated with production is reduced markedly. 

An informative breakdown of the opportunity for improvement given 
by Rendel and Robertson points out the percentage of genetic improve¬ 
ment that can be expected from the following sources: 

Per cent 


Cows to drop future herd replacements. 6 

Cows to drop future young sires. 33 

Bulls to breed future herd replacements. 18 

Bulls to breed future young sires. 43 


While this particular analysis is based upon a herd of 2,000 cows using 
artificial insemination, it points up vividly that the major opportunities 
for genetic improvement comes from the choice of the sires and dams of 
our future herd sires. True, we must continue to choose wisely those 
females from which herd replacements are to be saved, but the low repro¬ 
ductive rate and the need for such a large percentage of those females 
which are dropped to maintain the herd are distinctly limiting. 

Selecting a Young Bull. Notwithstanding the often-quoted recom¬ 
mendation to use well-proved sires for most rapid herd improvement, 
all bulls are at one time unproved bulls. As such they must be selected 
on the basis of whatever sound information is available, which usually 
must come from the pedigree. In using this information we must 
remember that the immediate close relatives must be given most atten¬ 
tion. Two-generation pedigrees which have complete and unselected 
information are surely as far back as one needs to go, although the names 
of the animals in the third generation are preferred by many to give the 
relationship to other animals possibly known by a prospective buyer. 

The advice to select the son of a good proved bull is sound. If the 
bull’s sire is proved, the young bull’s paternal sisters can be inspected. 
On the dam’s side of the pedigree, the dam’s performance as well as the 
performances of the maternal and full sisters of the bull must be investi¬ 
gated to be sure they meet the standards of production and type which 
are desired. There is nothing genetically wrong with saving a son of a 
young cow except for the fact that generally she must be evaluated solely 
on the basis of one or two of her own records. 

Going one step beyond the advice of saving the son of a proved bull, 
we can recommend using the son of a bull whose sons have already been 
proved. Daughters in one herd can be subject to entangling biases and 
environmental confusion, but the daughters of sons scattered over 
several herds are not juggled so easily. The use of the sire’s sons to 
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determine whether or not to save one of his sons is limited because most 
bulls will be dead by the time their sons are proved. A bull can be 
proved from his daughters’ performance when he is five or six years of 
age, but proofs on his sons will not be available until two or three years 
later. Furthermore, if the advice to use only sons of proved bulls is 



Fro. 136. Chief's Son of Etta. Grand Champion hull 1955 National Jersey Show. Sybil 
Design Etta (Excellent). Grand Champion at All-American Jersey Shows in 1948 and 1949 
and International Dairy Exposition 1950. (Courtesy of American Jersey Cattle Club.) 


strictly adhered to, a bull will be 10 or 11 years old before his sons are 
proved. 

Realizing that each son and each daughter of a bull receives a sample 
half of the sire’s genotype, the information provided by the progeny 
test of a sire’s sons in several herds is comparable to the information pro¬ 
vided by the daughters of a bull scattered in several different herds. 
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With the widespread use of artificial insemination the average breeding 
value of the sire as determined from many daughters in several different 
herds generally can be evaluated much more accurately than that of the 
dam with records and relatives in only one herd. Bulls whose sire and 
maternal grandsire are both well proved on the basis of daughters in 
several different herds represent sound prospects. 


NAME: WINTERTHUR ZEUS FORKS IKON 
BORN: November 10. 1953 


No. 1230614 
SEX: Male 

697789(VG) 

WISCONSIN ADMIRAL BURKE LAD 


Gold Medal Sire 
Holstein Association Proof 


PABST WINTERTHUR ZEU8 M1364 (E) 
Gold Medal Sire 


27 daus. av. 
27 dame av. 


106 daus. av. 
106 dams av. 
Difference 


14100M 
13230 
+ 870 


3.70% 

3.61 


522 F 
478 


.09 


44 


WINTERTHUR 


1934437 

GREAT KAHN SOLOHR 


14975M 

3.98% 

596F 

2y4m 

3-4 

305d 

365d 

3X 

3X 

14052M 

19034 

3.61% 

3.93 

508 F 
747 

15629 

3.94 

615 

4-7 

365d 

3X 

24857 

4.01 

997 

-654 

+ 04 

-19 

6-2 

365d 

3X 

24398 

3.81 

929 


25 classified daughters 

IE. 4VG. 9GP. 10G. IF 


2840387 (GP) 


WINTERTHUR FOBES SELECT CAMALO 

2 y 6 m 

3I2d 

2X 

14480M 

4 0% 

582 F 

3-7 

365d 

2X 

23926 

3.8 

906 


(National Milk Champion) 


4-10 

365d 

2X 

21515 

4.0 

864 

6.0 

365d 

2X 

21598 

4.0 

862 




Full Sitter 


(VG) 


WINTERTHUR FOBES SELECT ZAMALO 
5-0 350d 2 X 17748 4.0 703 


POSCH OKMSBV FOBES 14th 729449(E) _ 

Gold Medal Sire 
Holstein Association Proof 
67 daus. av. I5208M 3.90% 592 F 

67 dams av. 15066 > 82 576 

Difference +142 +.08 +16 


2205510(GP) 

WINTERTHUR SELECT NEBRASKA VAMALO 


2y3m 

365d 

2 X 

13812M 

4.0% 

512F 

3-6 

365d 

2 X 

18223 

4.0 

735 F 

4-9 

365d 

2 X 

17271 

4.2 

723 

5-10 

365d 

2X 

18160 

4.7 

850 


Fio. 137. A pedigree giving detailed and complete information on each individual but 
avoiding misleading details and pedigree " filler.” 


The question regarding a specific breeding system to employ for breed¬ 
ing young bulls is a perennial one. The genetic merit of the parents 
rather than any particular mating system should determine which young 
bull is selected. The mating of a really outstanding sire to his daughters, 
or possibly an outstanding proved son back to his dam, is an approach 
that might in a few instances be worthy of consideration. The close 
mating would not be made merely to provide an inbred son but also to 
increase the relationship to the sire and enhance the probability of the 
likeness of the son’s and his sire’s genotype. While inbreeding does 
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increase homozygosity, the increased uniformity in the production of 
daughters of such a bull would be difficult to detect. Presumably one 
would desire to try such a plan only with a really outstanding bull, 
especially one free of undesired defects or deleterious genes. 



Fio. 138. Colonel Harry of Judd's Bridge (Excellent). His 112 artificially sired daughters 
average 11.257 lb. milk. 4.3% and 4S0 lb. of fat. Royal's Rapture of Lee's Hill (Excellent). 
Grand Champion Brown Swiss cow at 1049 National Brown Swiss Show. She also holds 
the breed record of 34. fir, 9 lb. of milk and 1405 lb. of fat in 3G5 days on 3 X. {Courtesy of 
liroxon Swiss Breeders Association.) 


Methods of Expressing the Progeny Test. Since Hansson first sug¬ 
gested the principle of what is now the basis for the Equal-parent Index, 
numerous proposals have been made for evaluating the progeny test. 
The daughter average, standardized on a 305-day, 2X, mature-equiva- 










SELECTING DAIRY CATTLE 


429 


1 t basis, is the simplest measure of the progeny test. If the number of 
, eD hters is adequate and all daughters are included without selection, 
this provides a sound basis of evaluation when the feeding and manage- 
t are to be the same for future daughters. Since the daughter 
Average does not take into account the merit of the dams to which a bull 
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AV. 

0.87 

72.296 

12.225 
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3 45 

336 

3.80 

424 

412 

453 
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390 


128 


74.208 

351 

499 






12.200 
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ecu 


74.030 

M //O 

3.52 

J 52 

495 

4 97 
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400 


120 


/ 98 V 

73.800 

349 

480 



a 


m 

14,500 
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087 

73.624 

3 79 

517 



n 






AV. 

73.772 

364 

498 

£ /69 1 

rrl 

6 

E3 

12.000 

380 


124 


74.880 

317 

477 

F/70 

a 

a 

IE 

■ 

10.900 

390 


/ 26 


73.734 

3 58 

49/ 


a 

a 

IE 
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400 


/./J 


74.725 

3 20 

452 


n 
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73.520 

3.31 
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73.793 

336 
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73.447 

3 46 
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-- - - 
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A 201 
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360 


128 


72.544 
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D 

a 
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10.900 

390 


7.73 


72.377 


447 
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AV. 

72.430 


451 

8208 

El 

n 

IE 


/1,200 

420 


124 


73.888 
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520 

C2/0 

E3 

a 

IE 

■ 

12.500 

450 


t.22 


75.250 


549 

02n 

a 

□ 

IE 

■ 

14.000 

460 


/.24 


77.360 


570 

£212 

n 

in 

1C 


9.500 

350 


/.26 


77.970 

mem 

447 

£2/3 

XT 

XL 


c 

//.200 

390 


122 


73.664 

3.48 

476 


1 i 





AVERAGE Of DAUGHTERS RECORDS 

74.094 

3.56 

507 


Fia 139 Sire proving work sheet. Preliminary proofs are reported by the Dairy Herd 
Improvement Section. DHRB. A.R.S.. for bulls having 5 to 9 daughter-dam comparisons. 
His official proof is withheld until 10 or more comparisons are available. 


is mated, many breeders prefer some form of daughter-dam comparison 
to evaluate a bull. 

The comparison of a bull’s daughters with their dams is made by first 
converting all the normal lactation records of the daughters and mates 
(dams) of a sire to a 305-day, 2X, mature-equivalent basis. This 
procedure is illustrated in Fig. 139. If a daughter or her dam has two 
or more records, these are averaged to provide an average value to 
represent each cow. The average production for the daughters and the 
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dams with the difference for the daughters over their dams for the example 
in Fig. 139 are: 



Milk, lb. 

% 

Fat, lb. 

6 daus. 7 recs. av. 

in 

3.57 

3.48 

501 

466 

6 dams 11 recs. av. 

Difference. 

+653 

+ 09 

+35 



Most proofs are conventionally reported in this form, although some 
breeders prefer to express the results of the progeny test in terms of one of 
the many proposed sire indexes. These sire indexes attempt to express 
what a sire would have produced had he been a cow. The Equal-parent 
Index, which places the daughters halfway between the production level 



Flo. 140. Milking Sho rthorn bul l. Mystery Revels Champion and Milking Shorthorn cow, 
Mountain Majorettff! Both of these animals were Grand Champions at the 1954 and 1955 
National Milking Shorthorn Shows. ( Courtesy of American Milking Shorthorn Society.) 
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of their dams and the index of the sire, is the most widely used index. 
This index can he computed by the formula: 

Equal-parent Index = daughters’ average + (daughters’ average - dams’ average) 

The index for the sire used in the above example is 14,747 lb. milk, 
3.66 per cent and 536 lb. fat. 

The Equal-parent Index is easy to understand; however, it can reach 
fantastically high or low values when extremely low or extremely high 
producing dams are involved and when the feeding and care have not 
been the same for the daughters and their dams. Environmental condi¬ 
tions which may have influenced the difference of the daughters as com¬ 
pared with their dams are credited directly as an influence attributable 
to the sire. Consequently sires with the highest indexes generally are 
not as far above average in transmitting ability as their indexes indicate. 
Conversely, sires with the lowest indexes are not as far below average in 
transmitting ability as their indexes indicate. 

Recognizing the above situation, one of the authors has proposed an 
index called the Regression Index, based on the fact that the over-all 
regression of the daughters’ records 
on those of their dams was approxi¬ 
mately 0.5. This regression is illus¬ 
trated in Fig. 141, where a breed 
average of 10,000 has been assumed. 

If cows from 6,000 to 14,000 lb. are 
graphed (solid line), then the average ,0X>00 
of their daughters will be expected to 
fall on the broken line starting at 
8,000 lb. and rising to 12,000 lb. 

When 6,000-lb. dams are mated to 
an average bull of the breed, 


14000 


12POO 


epoo 


we 




BREED 

S'* AVERAGE 



a/ 



6000 

Fio. 141. Graph shov ing regression of 
groups of daughters on groups of dams. 


normally expect to get daughters 
producing at the 8,000-lb. level; i.e. t 
they will regress halfway up the breed average. Likewise, from 14,000-lb. 
dams we expect that daughters will regress halfway back down to the 
breed average. 

The easiest way to compute a bull’s Regression Index is to find his 
Equal-parent Index, add the appropriate breed average, and divide by 2. 
This index simply regresses the Equal-parent Index halfway 

Regression Index = 0.5 (Equal-parent Index) -f 0.5 (breed average) 


back to the breed average. The Regression Index for the sire used in 
Fig. 139 is: 
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Equal-parent Index. 

14,747 M 
11.586 

3.66% 

3.65 

536 F 
423 

Breed Average. 

Sum. 

26,333 

7.31 

959 

Divided by 2 

Regression Index. 

13,166 

3.66 

480 



The Regression Index is less variable than the Equal-parent Index and 
has the same accuracy in discriminating among bulls. It will rank bulls 
within a breed in exactly the same order as the Equal-parent Index. It 
has the advantage of having the breed average as a reference point, and 
its use in pedigrees and advertising would help to keep purchasers’ hopes 
within reasonable bounds of possible accomplishment. 

Table 57. Dairy Cattle Breed Averages Based on Artificially-sired 

Daughters* 



305-day, 2X, M.E. 

Milk, lb. 

Per cent 

Fat, lb. 

Ayrshire. 

9.021 

4.12 

372 

Brown Swiss. 

10,329 

4 15 


Guernsey. 

7,797 

4 84 

377 

Holstein. 


3 65 

423 

Jersey. 


5 26 

398 


• From " Artificially-aired Daughter Averages of Sire* in Service in Artificial Breeding Aaaoclation," 
Dairy Herd Improvement Section. A.R.S.. 1955. 

Evaluating Bull Proofs. Not all proved sires are superior sires. The 
proof is a statement of what the bull’s daughters and their dams did. 
While the daughter average and the daughter-dam comparison or the 
index are of much value in evaluating a bull, the figures cannot be taken 
at face value. An investigation and analysis of the circumstances under 
which the proof was made should always supplement the numerical proof. 

The question of the number of daughters which are included in the 
bull’s proof is a key one in its evaluation. With a few daughters the 
limited sampling of the genotype of the sire may permit the offspring to 
be better or worse than the sire actually is. Selecting the daughters 
rather than using an unselected sample will also misrepresent the bull. 
There is no magical figure for the number of daughters below which we 
can say the information is inadequate and above which we can say the 
proof is correct. When a bull’s daughters all perform in one herd, each 
additional daughter adds considerable new information up to five or six 
daughters. From then on, additional information is provided by each 
new daughter but proportionately much less. Most associations now 
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jinunary proofs on the basis of five daughter-dam pairs and wait 
l8S T\ ten or more pairs are available before making an “official” rating. 

110 the basis of investigations this seems to be a sound procedure. If 
eauire too many pairs for a proof, many bulls will be dead before 
v, 6 F are recognized, yet appropriate consideration must be given the 
^ information provided by the additional daughters. When a sire 
“ eW » ^ artificial insemination and his daughters are in several herds 
there is justification for including many more daughters in his proof. 

This will be considered in more detail later. . 

The feeding and managemental conditions which existed during the 
. .u e bull’s proof was accumulated are rarely adequately evaluated 
hTthe daughter-dam comparison alone. There may have been a trend 
nf improved management; at certain periods mastitis may have been a 
nhlenr a change in the level of concentrate feeding might have occurred ; 

L a new herdsman might have been hired. It is hopelessly impossible 
Z account for and interpret all of these details. If one is really interested 
. a sire a visit to the herd is most necessary, first, to appraise as best 
“ one can these herd conditions, and, secondly, to be sure the daughters 
of the bull meet reasonable type standards. . 

Sires in Artificial Insemination. The rapid acceptance of artificial 
insemination and the development of techniques for freezing and storing 
semen have greatly multiplied the influence which a bull can exert on 
breed or herd improvement. Approximately one-fourth of our dairy 
cattle are being bred artificially, and a growing percentage of the purebred 
breeders are patronizing this service. The practical methods available 
for proving sires for use in artificial insemination fall in three categories, 
viz., using progeny-testing stations, natural proving in individual herds, 
and planned progeny testing by sampling bulls in artificial insemination. 

The progeny-testing station has been used rather extensively m 
Denmark. The first three progeny-test stations were organized in 1945. 
Heifers of bulls still alive are tested in groups of 20 and not less than 15. 
They are brought to the station in September, before calving between 
October 1 and November 15. Feed consumption and other detailed 
information on the individual cows are kept, and the progeny test is 
evaluated on the basis of the average production of the daughters. 

One or two points deserve mention regarding this program as a possible 
approach to sire evaluation in the United States. First, the operating 
cost of the plan would be high, and this represents a serious disadvantage 
in the United States, where labor costs are proportionately higher than 
in Denmark. Despite this at least one artificial-breeding association has 
initiated such a program for sire proving. Secondly, unless the general 
environmental conditions at the stations were representative of those 
which are to be found on farms using these bulls, sire-by-herd interac- 
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tions might confuse the choice of sires. On the basis of studies to date 
such interactions are probably small and reasonably unimportant when 
the animals continue to produce in a climate or under a managemental 
system reasonably comparable to that provided at the testing stations. 

The second method, that of proving bulls naturally on the basis of 
progeny in one or two herds, was the original source of proved bulls at 
the beginning of the artificial-insemination program. It continues to 
be the source of most of the proved bulls entering studs today. With this 
program the young bull choices are left to the discretion of the individual 

Table 58. Growth of Organized Artificial Breeding in tiie United States* 


Year 


Cows 

bred 

Sires in 
service 

Cows bred 
per sire 

1939 


7.539t 

33 

228 

1949 


33.977t 

138 

246 

1941 

MUGS® 

70.751t 

237 

299 

1942 

12,118 

112.788t 

412 

274 

1943 

23,448 

182.524t 

574 

318 

1944 

28,628 

218.070t 

657 

332 

1945 

43,998 

360.732t 

729 

495 

1946 

73.293 

537.376 

900 

597 

1947 

140.571 

1,184,168 

1,453 

815 

1948 

224.493 

1,713.581 

1.745 

982 

1949 

316,177 

2,091,175 

1.940 

1,078 

1950 

372.968 

2,619.555 

2.104 

1,245 

1951 

467,224 

3,509.573 

2.187 

1.605 

1952 

543.397 

4.295,243 

2.325 

1.848 

1953 

571,921 

4.845.222 

2.598 

1.865 

1954 

606.997 

5.155.240 

2.661 

1.937 

1955 

593.190 

5.413.874 

2.450 

2.210 


• From D.H.I.A. letter. March. 1955. 
t Reported on basis of cowa enrolled in associations. 


breeders, and the final choice of proved sires is made among those alive 
at the time the proof is accumulated. 

It is under these circumstances that most breeders have become 
acquainted with the progeny test. In many cases where the herd was 
large the bull was continued in service in the herd where he was originally 
proved. The similarity of results from his second group of daughters in 
the same herd was striking. Under these circumstances the second 
group of daughters were not only sired by the same bull but they also 
were tested in the same general herd environment. Thus the apparent 
similarity of the daughters was not all due to the bull. The failure to 
appreciate this point presumably is responsible for much of the disap¬ 
pointment with naturally proved sires in artificial insemination 
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The use of planned progeny-testing programs in conjunction with 
artificial insemination as a third approach shows real promise of improv¬ 
ing the accuracy of sire evaluation. Use of a sire in many herds under 
varying managemental conditions provides an “acid” test of a bull’s 
transmitting ability. Some of the advantages of such a program are: 

1 A proof which will more reliably indicate what future artificially 
sired daughters will produce can be obtained at an early age. 

2. The risks of sire proving are spread, and for the industry as a whole 
the number of daughters from poorer sires is reduced. 

3 . Since the daughters of the bull are scattered in several herds, there 
is less likelihood that herd trends and those special environmental cir¬ 
cumstances which cannot be appraised adequately will unduly bias the 
proof. 

Some of the major limitations are: 

1. The cost of holding young bulls may be high. 

2. A sound testing program with education and cooperation of the 
breeders on test is essential to its success. 

The cost and time involved in any sire-proving program will be great. 
However, the use of outstanding bulls proved in artificial insemination 
offers the best opportunity for future improvement, even though no 
short cuts to obtaining them loom as a possibility. In some areas the 
percentage of cows bred artificially which are on test may not be 
large enough to permit using a state-wide progeny-testing program. 
However, programs designed to include a group of cooperating testing 
herds offer many of the advantages of a large program. 

Several artificial-breeding organizations now have in operation programs 
for sampling young bulls. More information on the practicability of 
such programs should be forthcoming in the next few years. 

Analysis of production records of artificially sired animals has pointed 
out new possibilities for evaluating proofs on sires used in artificial 
insemination. Cornell and British workers have found the production 
records of a cow’s herd mates to be more valuable than the records of her 
dam in evaluating a bull’s progeny test. A cow’s 305-day, 2X, mature- 
equivalent record is compared with the records of other cows freshening 
in the same herd and during the same year and season. The calendar 
year is divided into two six-month periods which roughly correspond to 
the barn- and pasture-feeding seasons. 

The use of the average production of daughters in several herds tends 
to cancel out herd differences when two or more sires are compared. 
However, with the trend toward the use of frozen semen, planned matings 
will permit some bulls to have a disproportionate share of their daughters 
in herds that have either a better- or a poorer-than-average feeding and 
management program. To compare all bulls equitably account must 
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be taken of whether or not a bull is used in herds where the herd mates 
were above or below the state or population average. 

Cornell workers have found that a bull’s daughters reflect about 0.60 
of the superiority or inferiority of their herd mates. In evaluating sires 



Fio. 142. Variation in the regression of milk or fat yields of future daughters in artificial 
insemination on the first tested daughters (I. where first daughters are tested in many horda; 
II, where first daughters are in one herd). The value for the regression coefficient repre¬ 
sents the fraction of the superiority of the first daughters that will be expected to be mani¬ 
fest in an indefinitely large number of future artificially sired daughters. 

used in artificial insemination all records are expressed on a 305-day, 
2X, mature-equivalent basis. Then each daughter’s record is adjusted 
by subtracting 0.60 of the difference between the year-season average of 
the herd mates and the population or state average. 

Adjusted daughter average = 305-day, 2X, M. E. daughter average 

— 0.60 (average of herd mates — state-breed average) 

As pointed out in Fig. 142, the fraction of the superiority exhibited 
in the first group of artificially sired daughters will vary according to the 
number of daughters available on each sire. To account for the varia¬ 
tion in number of daughters per sire the regressed daughter average is 
computed for final comparison: 

Regressed daughter average = State-breed average 

-(adjusted daughter average - state-breed average) 

n -f 12 

where n is the number of animals in the daughter average. 




Fio. 143. An outstanding example of the widespread influence which a sire can exert on a 
breed through artificial insemination. Lauxmont Admiral Lucifer died at 17 years of age, 
leaving over 45,000 calves. His 1478 D.H.I.A. daughters averaged 11.807 lb. milk and 443 
lb. fat on a 305-day, 2 X, mature-equivalent basis. (Courtesy of William A. Reid. Oxford, 
F ennsyltania.) 
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Type and Production. The question as to whether or not there is a 
relationship between type and production is raised continually. Long 
before herd-classification programs were initiated, breeders sought a 
physical measurement which could be used to predict a cow’s production. 
All the measures tried were less reliable for predicting future production 
than a cow’s previous lactation record. More recently the relationship 
between classification ratings and production records has been studied 
by several workers. There is general agreement from these studies 
that type and production go together when applied to a large number of 


animals. However, such general relationships must be subjected to 
closer scrutiny when the individual cow is considered. 

The following summary and discussion largely involve the association 
between type and fat production. The relationship of type to fat yield 
is presented here since it was possible to draw upon the results from many 
more studies than were available for milk yield alone. Conclusions 
based on the relationship between type and fat yields are practically 
equally applicable to the relationship between type and milk yield. 

The correlation between lactation production and type score has been 
studied by several workers. The summary in Table 60 shows this 
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average relationship when comparing type and production of cows in 
the same herd. In each case the correlation is positive but indeed small 
when we realize that positive correlations can range from 0.0 to 1.0. 
Table 60 indicates an average correlation of about 0.15. For purposes 
of comparison one production record shows a correlation of about 0.40 
with a subsequent production record in the same herd, making it two or 

Table 59. Summary of General Relationship between Type and Production 


Classification 

rating 

305-day, 2X, M. E. fat production 

— 

Ayrahires* 

Holsteinsf 

Jerseys t 

Excellent. 

415 

508 

483 

Very good. 

394 

478 

460 

Good plus. 

376 

456 

448 

Good. 

361 

435 

434 

Fair. 

363 

414 

420 


• First records of 6.177 cows. 

f Average of all available H.I.R. records for 60.642 cows, 
t Highest records for 14,147 cows. 

three times as valuable in predicting future productivity as a single 
type rating. 

With this low relationship between type and production there is much 
opportunity for cows of poor type to be high producers and for cows of 
good type to be poor producers. The average difference in production 
for cows differing by one type grade is given in the study of Tyler et al., 


Table 60. Correlations between Type and Production 


Breed 

Correlation 

Source 

Ayrshire. 

0.16 

Tyler and Hyatt 

Ayrshire. 

0.08 

Freeman and Dunbar 

Holstein. 

0.18 

Tyler, Corley, and Heizer 

Jersey.. 

0.12 

Harvey and Lush 

Jersey.. 

0.12 

Tabler and Touchberry 


where the correlation between type and fat production was 0.18. With 
this correlation each change of one type grade on the average was accom¬ 
panied by a 15.3-lb. change in lactation fat production. Other things 
being equal, suppose the correlation were perfect, 1.00 instead of 0.18. 
Each change of one type grade on the average then would be associated 
with a change of 86 lb. of fat per lactation. 

One might suspect that inasmuch as the final rating has woven into 
it emphasis on breed character and other fine points, a judge looking 
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solely for those qualities believed to be associated with production could 
predict production more accurately than the over-all rating indicates. 
During the early years of classification programs, only the over-all rating 
was given a cow. More recently, the components of type for each ani¬ 
mal have been scored. 

From an analysis of Ayrshire type and production records, general 
quality or dairy character showed a correlation of 0.14 with production 
in contrast to 0.08 for over-all rating. From a similar analysis with 
Holsteins, dairy character showed a correlation of 0.25 with production 



Fio. 144. An outstanding example of high production and desirable typo combined in one 
individual. Erindalo Dunloggin Anna is classified Excellent, scoring 95 points. She has 
also produced 33.900 lb. of milk and 1487 lb. of fat in 365 days on 3 X at 13 years of age. 
(Courtesy of Jack Budd. Belleville, Michigan.) 


as compared with 0.18 for over-all rating. All the other components of 
types showed smaller correlations with production than did dairy charac¬ 
ter. Legs and feet and rump scores showed the least association with 
production. 

It has been suggested that some components of type are more closely 
related to lifetime production than to lactation production. Feet and 
legs, which were indicated as having a low correlation with lactation 
production, and udder attachment are commonly cited as important in 
lifetime production. The statement that an unusually high proportion 
of those cows producing 100,000 lb. of milk are classified Excellent or 
Very Good, as well as tabulations that Excellent cows average more 
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records per cow are often cited to clinch the argument that type and high 
lifetime production are closely associated. It is not within the realm of 
present knowledge justifiably to refute such relationships. They may 
in actuality exist. However, the facts to substantiate these relationships 
are yet to be gathered and presented systematically. It is well to ask 
whether many of the cows with exceptional type have remained in the 
herd despite mediocre production, and have thereby been permitted to 
build up a creditable lifetime production; whereas cows with equally good 
production and lasting qualities but of poor type have been culled. 

Will selection for superior type bring about improvement in produc¬ 
tion? Whether or not selection for superior type can be expected to 
influence production is dependent on the genetic association between the 
two traits. The correlations between type and production given in 
Table 60 can result from the same environmental conditions influencing 
type and production and also from the same genes affecting both traits. 
Four studies which have been made using Ayrshire and Jersey classifica¬ 
tion and production records show that type and production are essen¬ 
tially independent genetically. While there is no genetic antagonism 
between good type and high production, selection for type alone will have 
little direct influence on production, and, conversely, selection for pro¬ 
duction alone will have little direct influence on over-all type rating. 
If both are desired, a breeder must emphasize both type and production 
in his selections. The price which is exacted for attention to both 
traits is that the intensity of selection for each trait is reduced. Only 
rarely will animals giving promise of highest transmitting ability for 
production be animals which also have superior type. 
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SELECTING BEEF CATTLE 


Great changes in physical form have been wrought in meat animals 
during the nearly 200 years since the man who has been called the father 
of animal husbandry, Robert Bakewell, began his pioneer labors in the 
improvement of meat animals. During most of this period breeders 
and improvers of meat animals were forced to proceed principally upon 
empirical bases. Since the rediscovery of Mendel’s laws in 1900, espe¬ 
cially during the decades since 1920, results of breeding experiments 
with meat animals have become available in increasing numbers to serve 
as additional guides. The purpose of the present chapter is to survey 
the general field of meat-animal breeding with special emphasis on beef 
cattle. Subsequent chapters will deal with sheep and swine. In these 
chapters it is our plan to review the present state of knowledge in the 
field, make such recommendations as seem to be justified on the basis 
of presently available evidence, and consider recent developments in 
relation to historical aspects of animal-breeding practices. It must be 
emphasized that from a scientific point of view this is a relatively young 
and rapidly developing field. Thus it can be confidently predicted that 
new evidence in future years will greatly extend and probably modify 
present concepts. 

Objectives in Breeding Meat Animals. Basically the task of the 
breeders of meat animals is to produce animals which will more efficiently 
convert vegetable products (some edible by man and some not) and 
inedible waste animal products into palatable, nutritious human food. 
In a world with a constantly increasing human population and a conse¬ 
quent narrowing of the margin of safety between world food needs and 
potential world production, it is essential that this conversion be made 
as efficiently as possible. From the standpoint of the individual com¬ 
mercial livestock producer, profit depends upon two things: (1) cost of 
production and (2) quality of product as reflected in selling price. Thus 
his interests in efficiency are identical with those of the population at 
large so far as the kind of animals needed is concerned. 

In many ways meat-animal selection is simpler than that of dairy 
cattle or poultry. The principal favorable factors are: (1) Many char- 
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acters of economic importance, such as growth rates and body form can 
be observed in both males and females; (2) many such characters can be 
observed in young animals before sexual maturity is reached; and (3) for 
at least certain characters (carcass quality is the best example) the 
external appearance of the live animal is a better indicator of the animal’s 
real value than it is in dairy cattle. 

Arrayed against these advantages are certain disadvantages which 
limit progress. Of these the fact that we have no single end point which 
can be used to measure value is perhaps the most important. As pointed 
out in an earlier chapter, selection for more than one thing at a time 
reduces the intensity of selection which can be directed toward a single 
goal. Since meat animals must be selected simultaneously for economy 
of production and for quality of product and since both of these depend 
upon a number of factors, some of which may be biologically antagonis¬ 
tic, numerous difficulties are apparent. Added to these is the fact that 
quality of product can best be evaluated only in the carcass and that an 
animal studied in the carcass cannot be used for breeding! 

Carcass evaluation is complicated by differences in consumer prefer¬ 
ence. These preferences vary with respect to weights of cuts, desired 
proportions of fat, methods of processing and curing, season of the year, 
relative prices of other meats, and a variety of other factors. In the 
long run, variations in consumer preference are probably beneficial to 
the industry. Without them we would have trouble “ licking the platter 
clean” in the manner of the proverbial Spratt family. 

Breeding for Performance in Crosses or for All-round Merit. The 
question of whether we should strive to breed animals which are good in 
terms of all-round value and then breed them “pure” or “straight” for 
commercial production, or whether it is more feasible to develop strains 
which are each superior in one or more characters and then cross them 
with strains superior in other characters for commercial production, is 
one which must be considered unanswered. 

No strains or breeds now in use commercially are known to have been 
developed specifically for merit in only one or two characters with the 
specific purpose of using them commercially in crossbreeding programs. 
However, crossing is often used to combine or take advantage of good 
qualities of two or more breeds or strains. To date this has been largely 
a matter of exploiting characteristics of existing breeds or strains. Since 
Hull pointed out the theoretical possibilities of developing strains or 
lines on the basis of their performance in crosses and Dickerson 1 suggested 
that maximum performance in swine might come from crossing divergent 
lines, there has been an increasing interest in the possibilities. Active 
studies are in progress to explore the possible usefulness of this system 

1 Iowa Agr. Expt. Stn. Res. Bui. 354, 1947. 
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in poultry and swine. 1 The results of these pilot studies will be awaited 
with interest. 

The philosophy which has largely dominated the thinking of American 
livestock people has been that of producing desirable purebreds and then 
using them or their high grades commercially. Even where crossbreed¬ 
ing has been practiced extensively (as with hogs), crosses have often 
been made to take advantage of heterosis between breeds which have 
each been selected along similar lines. The system of using strains 
which are selected for all-round merit (even if used in crossing) is the 
most prevalent in the United States. Even with strains developed 
specifically for commercial use in crossbreeding programs, it seems prob¬ 
able that the economical production of breeding stock would necessitate 
the maintenance of reasonably high productivity and meat quality in 
each strain. Therefore most of the material in these chapters assumes 
breeding systems aimed at the production of animals of all-round merit, 
whether used straight or in crosses commercially. 

In Great Britain considerable stress has been placed on the develop¬ 
ment of strains adapted to particular areas. These adapted strains 
are used to furnish the basic stocks for commercial production but are 
commonly used in crossbred combinations. 

To date the most extensive use of crossbreeding in beef-cattle produc¬ 
tion in the United States has been the crossing of Brahmans with either 
nondescript cattle or beef animals of British breeding in the Gulf Coast 
area. The Brahman crosses unquestionably grow faster than their 
British-type parents. This has commonly been attributed to the 
Brahman’s contributing heat tolerance, insect resistance, and ability to 
subsist on poor feed supplies. Recent work in which purebred Brahmans 
as well as British types were raised with crossbreds has shown that the 
crossbreds greatly exceed both parental types in growth rates. This 
strongly suggests that the superior performance of the crossbreds is due 
to heterosis. The physiologic basis for this is still unknown. Obviously, 
however, if the crossbreds are more productive than either parent, we 
cannot attribute the good results of crossbreeding to only one of the 
parent breeds. 

Conformation as the Basis for Sele ction in Beef Cattle. Legend tells 
us that the great piofieer EngfisITbreeder Robert Bakewell gave attention 
to economy of production in his breeding operations, and various writers 
on animal husbandry have stated that the master breeders of the past 
insisted on high and economical production of meat before animals 
found favor with them. In view of the fact that satisfactory objective 
measurements of efficiency, in a modem sense, were lacking, it appears 

1 See Whatley and Chambers, Okla. Agr. Expt. Sta. Mite. Pub. MP-43, pp. 25-30, 
1955. 
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more probable that most selection during the pioneer stages of livestock 
improvement was based on visual appraisals of body form or type, jus 
as has been the case up to the present time. . 

To a certain extent conformation reflects production quality in beet 
cattle and other meat animals, being related especially to values which 
markets place on carcasses. The ability of trained judges to predict 
carcass grades from an examination of the conformation and finish of 
live animals just prior to slaughter is quite high if a considerable range 
of variation is present. The ability to predict small differences in carcass 
grades or scores of animals of uniform type from visual appraisal of the 
live animals is much more limited. This is illustrated by calculations 
from the work of Semple and Dvorachek (1930). Eight lots of slaughter 
cattle totaling 66 head, including two lots of purebred Angus, two lots of 
“native” animals, two of first crosses, and two of second crosses, were 
graded on foot just before slaughter. The total correlation between 
live-animal grades and carcass grades was +0.87, but within lot the 
correlation dropped to +0.50. Apparently the judges were able to 
differentiate quite successfully between types but were less able to predict 
carcass quality of more or less uniform animals. 

The frequent disagreement of plaeings between “on-foot” classes 
and the carcasses of the same animals in livestock shows where such 
classes are included is another illustration of the difficulty involved in 
predicting differences in carcass quality among animals all of which are 
presumably fairly satisfactory or they would not have been entered. 

The development of animal form is an exceedingly complex process, 
and the relationships of type or form to productive characters and carcass 
desirability are incompletely understood. Certainly changes in animal 
form can have far-reaching consequences. A great deal of our present 
thinking regarding animal form is based purely on empirical reasoning 
and tradition. Intensive research on these problems would appear to 
offer great promise (1) in directing future efforts toward changing type 
in constructive directions and (2) in freeing animal improvers from the 
necessity of adhering to standards which may be unrelated or negatively 
related to economic value. 

It has long been recognized that the body proportions of animals 
change with age, the young animal being largely head and legs but 
gradually lengthening and deepening with age so that the proportions 
of the more valuable parts are increased in relation to the less valuable 
parts, such as the head, neck, and shanks. In general, the tissues 
develop in the order of skeleton, muscle, and fat. There seem also to be 
additional growth gradients running from the cranium backward and 
from the tail forward and meeting in the region of the loin. Thus, for 
example, fat is the slowest tissue to develop and the loin region is the last 
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to fatten. In times of reduced nutrition fat deposition in a growing 
animal may virtually cease and muscle development be slowed, but 
skeletal growth will be slowed only if the plane of nutrition approaches 
starvation levels. Undernourished animals resemble unimproved types 
in conformation. 

On the basis of such observation Hammond (see Hammond, 1952, for 
discussion and references to earlier papers), together with several of his 
co-workers, has developed the idea that the principal change brought 
about by selection for improved meat type has been to increase the speed 
of changes in body and tissue proportions normally associated with age 
so that they occur at earlier ages and continue to a greater degree than 
in unimproved types. Obviously both the genetic make-up and the 
plane of nutrition influence the speed of these changes, especially the 
rate of fat deposition. Hammond’s theory is thus a useful generalization, 
although its complete applicability to every detail is not to be expected! 

Percentages of High-priced Cuts. It has been generally believed and 
stated that rearing on a low plane of nutrition increases the proportion 
of low-priced cuts in the carcass. Similarly, animal-husbandry text¬ 
books for many years have stated unequivocally that improved beef-type 
animals have higher percentages of the higher-priced cuts than unim¬ 
proved or dairy types. Stress on “maximum development in the regions 
of the high-priced cuts” has long been a part of livestock judging, espe¬ 
cially in beef cattle. Both these generalizations appear to require 
examination. 

Missouri studies a number of years ago' showed that carcasses of cattle 
raised on a high plane of nutrition had higher percentages of two high- 
priced cuts, the loin and the rump, than those of animals raised on lower 
planes of nutrition. However, the percentages of two low-priced cuts, 
the flank and the plate, also increased while the rib changed little. The 
percentage of round, a high-priced cut, decreased, as did the lower- 
priced cuts of chuck, neck, shin, and shank. Collectively the four high- 
priced cuts, rib, loin, rump, and round, totaled 50.2 per cent of carcass 
weight in six high-plane steers slaughtered at 20 months or more of age, 
while they totaled 51.4 per cent in four low-plane animals of similar ages. 
Changes with age generally paralleled those with fattening. Thus, 
while fattening and aging resulted in increased proportions of some high- 
priced cuts, the proportion of some low-priced cuts also increased. 

The historically accepted assumption that improved types have higher 
proportions of the high-priced cuts is not well supported by experimental 
data. In fact, data on the question are very meager and, so far as the 
authors are aware, are all negative. As long ago as 1903* it was reported 

* Mo. Agr. Expt. Sla. Res. Bui. 54, 1922. 

* Iowa Agr. Expt. Sta. Rpt., 1903. 
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that the percentages of the various wholesale cuts were virtually the 
same for carcasses of beef and carcasses of dairy animals. Texas work 1 
in which carcasses of more than 200 steers varying greatly in conformation 
and finish have been cut out has shown no consistent differences in per¬ 
centage of high-priced cuts associated with conformation. This work 
has confirmed the earlier Missouri work in indicating no increase in 
proportion of high-priced cuts in highly finished animals. 

Even though the importance of some of the characteristics popularly 
associated with improved beef types are not well supported by experi¬ 
mental data, we must not go to the extreme of immediately assuming 
that beef type as such has no value. The relation of conformation to 
shape and desirability of cuts at the retail level seems to have received 
surprisingly little study. It is probable that the shorter-thicker modern 
beef carcass is more desirable from a consumer standpoint even though 
it has no higher percentages of round, loin, and rib than has the carcass 
of a dairy steer of equal finish. Questions such as these need investiga¬ 
tion. It is difficult to conceive a set of conformation standards such as 
we have with beef cattle evolving without any justification other than 
fashion. Maryland workers (Green, 1954) studied live-animal weight 
and body measurements of beef steers in relation to weights of preferred 
wholesale cuts. Live weight was by far the most important single 
predictive factor, but certain measurements, including width of shoulder 
and depth of twist, were positively related to weights of preferred cuts 
independent of live weight. Although statistically significant, these 
relationships were relatively low. They may, however, be suggestive 
of possibilities for selecting for higher percentages of desirable cuts. 

So long as there are market preferences for certain characters of body 
form or type it is necessary for any beef producer to have the essentials 
of accepted conformation in his herd. For this reason type evaluation 
should be included as part of performance-testing programs. 

Dangers in Selection for Type or Conformation. Selection for body 
form and other breed trademarks becomes dangerous when the items 
selected for have no relation to productive value. When this occurs, 
selection pressure which can be put on the really important things is 
reduced. Selection for certain characteristics becomes doubly dangerous 
when the factors selected for actually lower performance. The history 
of animal breeding has been marred by several cases of this kind. Some 
examples will be reviewed in the chapters on Sheep and Swine. In these 
cases animals with certain characteristics became popular, and their 
germ plasm was widely distributed through the breed concerned before 
a realization of the true nature of the fad became apparent. 

The beef industry has been plagued in recent years by divergent ideas 

'Jour. Anim. Sci., 16(1) :93-96, 1956. 
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on the ideal type, especially as related to mature size. Historically 
selection in beef cattle has been for thick, compact, low-set, early-matur¬ 
ing animals, and much progress has been made. This has apparently 
been accompanied by some loss of size and ruggedness, with the result 
that many producers have questioned the usefulness of some “modern” 
type cattle for economical production, at least under such environmental 
conditions as sparse ranges. To add to the confusion, ultra-compact 
types known as comprests or compacts arose a number of years ago in 
various breeds, and for a time, especially in the years immediately 
following World War II, they were quite popular in American show rings. 
Their impact on thinking in American beef-cattle circles is typified by 
the following statement: 1 

Then out of nowhere came “Comprest” Herefords—and they really were a 
sight to behold. Although of popular bloodlines, the new type differed from 
anything thereto seen. Extremely lowset on ideal underpinning with smooth, 
bulging quarters and deep wide middles to match, with short thick necks and 
beautiful heads, the calves and yearlings were sensational. 

Although many questioned the usefulness of such types from the stand¬ 
point of economical beef production, it was apparently generally assumed 
that they represented the ultimate in carcass quality. 

As a result of the many questions which cattle of these types raised in 
the minds of cattlemen, two state experiment stations (Colorado and 
Oklahoma) undertook to compare the productivity of such small-type 
cattle with that of conventional types. In these two studies cow herds 
were maintained, and performance records from birth to maturity or 
slaughter were studied. In addition, three stations undertook the work 
of comparing the feed-lot and grazing performance of steers sired by bulls 
of three types, small, medium, and large. This work was supported in 
part by the American Hereford Association. A major breed association’s 
sponsoring research to aid its members in evaluating a specific type of 
animal represented a new and commendable approach in the meat- 
animal industry. 

At each of the three cooperating stations in the steer work, representa¬ 
tives of each of the three types were fed out under three different regimes, 
namely, (1) fattening by full feeding as calves; (2) grazing as yearlings, 
followed by a dry-lot fattening period; and (3) fattening on grass as two- 
year-olds. The results showed a definite tendency for the steers sired 
by large-size bulls to gain more rapidly than those sired by medium-size 
bulls and for the latter to gain faster than those sired by small-size bulls. 
This tendency was more pronounced during the wintering and grazing 
phases than during the full-feeding phase. Over-all differences in 

1 Forbes, Rank C., Breeder's Gaz., October, 1946. 
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economy of gain were small, but there was a tendency for the progeny 
of large- and medium-size bulls to gain more efficiently on high-roughage 
rations. The large-size steers showed less finish in the phases of the test 
where full feeding was deferred or omitted. Differences in finish were 
small in the immediate full-fed groups. In summarization, Weber 1 said: 
“The results of these tests indicate that medium-size cattle tend to 
combine the gaining ability of large cattle and the finishing ability of 
small cattle without sacrifice of efficiency of gain.” 

Comprest and conventional steers produced in the Colorado study 
were put on full feed at weaning and fed to a constant finish of low choice 
(Stonaker et al, 1952a). There were no appreciable differences between 
types in efficiency of gain, ages at which a low-choice finish was attained, 
percentages of the various wholesale cuts, nor percentages of lean, fat, 
and bone in the 9-10-11-rib sample. The conventional steers ate more, 
gained faster, and weighed about 20 per cent more when they reached a 

low-choice finish. . A ... 

Stonaker et al. (1952b) found that the feed required to winter heifers 

and cows was proportional to body weight, with no apparent differences 
between types in basic efficiency of feed utilization. 

Stonaker* reported that matings of comprest X comprest produced 
about 1/4 conventional-type calves, 1/2 comprests, and 1/4 dwarfs, of 
which most were an extreme type. He hypothesized that the comprest 
type was due to the action of a single semidominant gene which when 
homozygous produced dwarfism. Chambers et al. (1954) also observed 
a high incidence of dwarfism in the progeny of comprest X comprest 
matings at the Oklahoma station. In the Colorado studies 3 it was found 
that comprest calves out of conventional dams averaged about 40 lb. 
lighter than conventional calves at weaning and that calves from com¬ 
prest cows averaged about 50 lb. lighter than calves from conventional 

dams. 

These test results are of interest from two standpoints. First, the 
experiments failed to demonstrate any carcass superiority for the extreme 
comprest types and thus drive home to us the danger of assuming that 
extreme types have certain virtues before they are proved beyond all 
reasonable doubt to exist. Secondly, the comprest type had some very 
serious disadvantages from a production standpoint in that they pro¬ 
duced a high percentage of dwarfs and calves with low weaning weights. 
As a result of these experiments and the observations of breeders, cattle 
of this extreme type have now lost their popularity and are rapidly 
disappearing. 

1 Amer. Hereford Jour., May 15, 1951. 

* Mimeo. rpt., Colorado A. & M. College, 1954. 

* Stonaker, H. H., personal communication, 1955. 
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Relation of Environment to Selection in Beef Cattle and Other Meat 
Animals. Animals of improved meat types tend to resemble unimproved 
types in appearance when raised under suboptimal nutritional conditions. 
Hence the origin of the old saying that “half the breeding goes in the 


Fig. 145. Contrasting typos in l>oof rattle. Above is a steer of conventional, or large, type. 
lirtnw, the short, compact, low-set steer is the small, or comprest, type. (Courtesy of 
Colorado Agricultural Experiment Station .) 


mouth.” The extent to which differences in plane of nutrition can 
influence apparent beef type is illustrated in Fig. 146. The animal 
breeder is vitally interested in two questions: (1) how properly to evaluate 
known differences in environment so far as their effects on potential 






















Fio. 146. How level of feeding affects the appearance of beef cattle. These three Angus 
heifers by the same sire were each about 18 months of age when the picture was taken, and 
at 4 months of ago they were very similar in appearance. From 4 to 18 months of age the 
heifer on the left had a nurse cow plus a full feed of grain; the center heifer had her mother a 
milk to a normal weaning age plus a full feed of grain thereafter; while the heifer on the 
right had her mother's milk to weaning and thereafter was raised principally on hay and 
pasture. {Courtesy of Dr. H. J. Smith, Tennessee Agricultural Experiment Station.) 
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breeding stock are concerned, and (2) what type of environment should 
be used in breeding foundation stocks for ultimate commercial use. 

The old saying that “fat is a good color” shows that the first of these 
problems has long been recognized. From the standpoint of the sales 
value of a breeding animal it often happens that putting on a degree of 
finish far and above what the animal needs for proper development will 
improve the appearance (apparent type) enough to be a profitable 
investment for the seller. This is apparently the principal reason for 
the high and often excessive degrees of finish so often seen on meat 
animals in our shows and sales rings. 


The question which the practical breeder interested in true improve¬ 
ment more than in immediate sales value or show-ring glory has to 
answer is how he can logically make allowance for differences in environ¬ 
ments to which various animals have been subjected during growth. 
There appears to be no absolute rule which can be laid down, but cer¬ 
tainly the growth rate and apparent type of an animal should be dis¬ 
counted somewhat if it is known to have been forced unduly. Con¬ 
versely, an animal reared under poorer-than-average conditions should 
be given some credit over and above what its record and appearance 
would entitle it to. In some cases it is possible to determine the average 
effect of a certain environmental factor and make suitable adjustment 
for it. 
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The question of what environment a breeder should provide for his 
animals is a broad question for which no one answer can be given. It 
has sometimes been assumed that animals should be bred in the best 
environment possible and that the commercial producer who will use the 
animals produced should strive to bring the environmental conditions 
under which he raises his stock up to the same level. 

This viewpoint is unrealistic because there are vast areas, such as 
range country, subtropical areas, etc., where environmental conditions 
can in all probability never be made ideal, but such areas can, if properly 
used, support large numbers of meat animals and add tremendously to 
our meat and wool supplies. The same argument applies to the utiliza¬ 
tion of much feed that would otherwise be waste in areas where more 
intensive agriculture prevails. 

The prevailing opinion among animal-breeding specialists in the 
United States seems to be that animals should be bred and selections 
made under the same environmental conditions where their descendants 
will be used commercially. This general plan would seem to have much 
to commend it, since adaptation to the immediate environment is the 
first essential for successful production. 

The folly of departing far from this plan can be illustrated by the 
general low productivity of our common breeds of beef cattle when 
placed under tropical or subtropical conditions where their thermo¬ 
regulatory mechanisms are inadequate for keeping body temperatures 
down. The development of these breeds in temperate climates has not 
fitted them for use in hotter areas. 

At the present time a considerable amount of effort is being put into 
the development of strains of beef cattle based on crosses between Zebu 
or Afrikander cattle and British types with the purpose of creating 
strains more productive than existing types. Presumably the merit of 
such types rests, at least in part, on heat tolerance and adaptability to 
conditions in the area. It would seem axiomatic that development of 
these types should continue in that region, even though regions where 
these strains as well as British types would be more productive might 
be found. 

Hammond (1947) has developed a point of view which differs somewhat 
from that outlined above. He feels that, if the environment is so poor 
as to put a virtual ceiling on development, there will be little chance for 
inherent differences in gaining ability, type, or production to be expressed 
and that under such conditions there is little or no chance for a selection 
program to be effective. He therefore recommends that if we are 
attempting to make improvement in a given character, we should place 
the animals in an environment which will develop that character to the 
utmost, and then make selections from among those which show it to 
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the greatest degree, even if the descendants are later to be used under 
poorer conditions. 

No experimental evidence with farm animals is available to indicate 
which of these rather divergent viewpoints is correct. An experiment 
with laboratory mice 1 may have some applicability. Two lines of mice 
were selected for fast growth rate for six generations, one line on an 
unrestricted diet and the other on 70 per cent of full feed. Selection 
resulted in improved growth rates in both lines. After six generations 
representative mice of each line were shifted to the other feeding regime, 
and it was found that animals selected for performance on a high nutri¬ 
tional level had no better performance on the 70 per cent level than the 
original stocks. Thus selection for performance on a high nutritive level 
had been totally ineffective in improving animals for performance on a 
low plane. It should be emphasized that this experiment was performed 
with a laboratory animal and that the results reported thus far arc 
preliminary. 

The most common procedures for rearing animals in the best-known 
purebred herds to date in the United States have been very nearly in 
line with Hammond’s viewpoint. This is at variance with the implica¬ 
tions of the mouse experiment. Our purebred herds and flocks have for 
the most part been maintained in areas where feed conditions are good 
and other environmental conditions not extreme. Furthermore, many 
of these animals are often forced artificially with nurse cows or highly 
concentrated feeds, with the result that there can be little direct selection 
for milking ability of dams and other important performance traits. 
Animals from these herds have then provided foundation stock for 
commercial production in all areas of the country. This situation, 
together with the nationwide promotional activities of many of our breed 
associations, has sometimes tended to result in animals of the same gen¬ 
eral types and breeds being raised in virtually all parts of the country 
regardless of their adaptation. 

Since meat animals are often maintained in this country under range 
conditions or farm environments which may not be adequate in many 
cases to produce animals with enough finish to meet market demands, 
it is common to use such areas as breeding grounds and to move the 
potential market animals into areas where surplus concentrates are 
available for a fattening period before marketing. For maximum total 
value such animals must thus have the abilities (1) to survive and grow 
under suboptimal conditions and (2) to fatten readily and produce 
desirable carcasses when given the opportunity. 

Therefore the logical system to follow in producing sires for use in 
commercial herds would seem to be to maintain the seed-stock breeding 

‘Falconer and Latyszewski, Jour . Genet ., 61(l):67-80, 1952. 
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herds largely on pasture under typical farm or range conditions and 
raise the potential sires to weaning there. A preliminary culling could 
be made at weaning, eliminating those which are undersized or otherwise 
undesirable and suspected of being out of dams giving insufficient milk 
or of carrying germ plasm not suited to maximum production under 
commercial conditions. The remaining animals could be put on feed 
test, and further culling could be done on the basis of rate and efficiency 
of gain and apparent body type after a feeding period. 

Selecting Beef Cattle on the Basis of Performance Records. Although 
historically beef cattle have been selected primarily on the basis of 
external appearance, interest in the use of performance records has 
been increasing. Research work dating back to the 1920s and greatly 
expanded in the years immediately following World War II has unmistak¬ 
ably indicated the need for objective performance tests and the possibili¬ 
ties of effecting improvement through their use. There is a distinct 
possibility that beef cattle are lagging behind other classes of livestock 
in increasing efficiency. Craft (1955), in a survey of progress in the 
animal field during the past 35 years, reported improvements in quality 
factors, including rate of maturity, blockiness, carcass yields, and suit¬ 
ability of the cuts to the trade, when speaking of beef cattle. In speak¬ 
ing of production factors, he stated that 11 rate of gain has been held or 
improved a little.” He was able to cite data showing substantial 
improvements in productivity in other classes of farm animals. 

It appears (1) that selection on the basis of performance records is a 
needed development in the industry, (2) that it is likely to bring about 
improved production, and (3) that an awareness of its importance is 
developing rapidly. 

Evidence of these facts is found in the organization early in 1955 of 
the American Beef Cattle Performance Registry Association by a group 
of breeders in the Panhandle area of Texas. The purpose of the asso¬ 
ciation is to recognize superior performance in purebred beef animals in 
all parts of the nation. Dr. M. R. Calliham, of Canyon, Texas, is 
secretary of the organization. 

Certain general procedures must be followed if production records 
are to be kept and used for selecting breeding animals. Accurate 
pedigree records must be kept, and each animal must be positively 
identified by means of ear notches, ear tags, brands, or tattoos. Accu¬ 
rate records of birth dates must be kept, and weight records must be 
taken at certain specified ages. So far as possible all young animals 
should be raised under similar conditions of care and management, since 
records of relative growth rate would be worthless from a genetic stand¬ 
point if animals had been fed differently. Animals should be kept under 
practical conditions, since records made under forced conditions (such 
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as with nurse cows) may have little relationship to true value under 
normal conditions. 

Thus it can be seen that the keeping of production records represents 
an expenditure of time and labor—an expenditure which, however, is 
decidedly worth while. 

Although production testing may be worth while as an aid in culling 
the female side of a herd or flock, it loses most of its effectiveness if sires 
without production records are continually introduced into the herd. 
Most of the discussion in the remainder of this chapter therefore assumes 
either (1) the use of a closed herd with home-produced sires or (2) the 
purchase of sires from production-tested herds. In the latter case a 
purchaser should study the environment of the herd where sires are 
produced in relation to that of his own herd to be sure the production 
records do not depend upon skillful management alone. 

Research information is still relatively fragmentary, particularly in 
regard to the long-time effectiveness of selection for various traits and 
the possible genetic interrelationships among characters which may 
limit progress. The material which follows lists the characters considered 
to be of importance in beef-cattle selection, discusses the usefulness of 
each, and presents the pertinent research information on heritability 
and relationships to other factors. 

Reproductive Efficiency. High reproductive rates are essential if a 
beef herd is to operate with maximum income and profit. Many environ¬ 
mental influences are known to affect fertility. If there are hereditary 
influences resulting in low fertility, selection against them should be 
automatic, since animals of low fertility will normally leave few offspring. 
In the only known study (Brown et al. t 1954) on heritability of calving 
interval in beef cattle, heritability was essentially zero. This is in line 
with several reports in dairy cattle. There are, however, a few reports 
of specific defects and conditions influencing reproduction and having a 
hereditary basis in dairy cattle. The case of gonadal hypoplasia reported 
by Eriksson 1 is of special interest, since unilaterally affected cows appar¬ 
ently gave milk with a higher fat test and had a selective advantage. 
This resulted in a rather high frequency of the condition in a Swedish 
dairy breed. Although no such case is known in beef cattle, it would 
seem to be partial insurance against future trouble for beef cattlemen to 
select breeding stock only from parents with high fertility. 

Birth Weight. It has been shown in a number of studies that the 
calves heavier at birth tend to grow faster later, and some studies have 
shown that birth weight is somewhat more highly related to postweaning 
gain than weaning weight is. This is not always true, however. In any 

1 Eriksson, “Hereditary Forms of Sterility in Cattle,” Hakan Ohlossons Boktyckeri, 
Lund, 1943. 
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event, the value of birth weight as a predictive factor for later perform¬ 
ance is relatively low, accounting for less than 25 per cent of the variance 
in any performance item measured later. Since birth weight is itself of 
no economic value, its usefulness in a performance-testing program is 
limited to its value as an indication of other performance factors. If 
later records could not be obtained, birth weights would be of some useful¬ 
ness in selection. When later records can be obtained, birth weight is 
of limited usefulness. 

The figures in Table 61, reporting heritability estimates averaging 
45 per cent for birth weight, indicate that selection for it should be effec¬ 
tive. Within limits this is probably desirable, but because of the possi¬ 
ble increase in difficult births with extremely heavy calves, no one would 
advocate putting sole, or even major, emphasis on this character. 

Weaning Weight. Weaning weight is important to all beef cattlemen 
because a beef cow has to be fed the year round whether she weans a 
light or a heavy calf, and the cost of keeping her will vary but little 
with the weight of the calf raised. If, for example, it costs $75 annually 
to keep a cow and the herd is producing a 90 per cent calf crop, a 500-lb. 
calf at weaning will have cost only 16.7 cents per pound to raise, while a 
350-lb. calf will have cost 23.8 cents per pound. Obviously, in many 
cases this can mean the difference between profit and loss. 


Tabi.e 61. Summary of Heritability Estimates for Various Characters 
of Economic Importance in Beef Cattle* 


Character 

Number of 
estimates 

Range in 
estimates 

Average of 
estimates 

Cidvine interval. 

1 


0 

Birth weight. 

11 

11-100 

45 

Weaning weight. 

15 

-6-100 

26 

Weaning conformation score. 

12 

0-57 

32 

Maternal ability of cows. 

1 

. 

19 

Feed-lot gain. 

10 

19-70 

46 

Efficiency of feed utilization. 

4 

3-75 

39 

Summer pasture gain. 

3 

15-21 

18 

Yearling gain. 

2 

24-40 

32 

Slaughter grade. 

4 

9-58 

38 

Carcass grade. 

3 

16-68 

39 

Area of rib eye. 

2 

68-72 

70 


• From published sources. Many of the reports from which these estimates came will be found in the 
list of references at the end of this chapter. 

Rather extensive research (see Botkin and Whatley, 1953, for one 
report and references to earlier studies) has shown that cows tend to 
repeat their performance from year to year so far as weaning weight of 
calves is concerned, with from 40 to 50 per cent of the variance in calf 
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Fio. 147. Above, a grade Hereford cow whose 8 calves, raised in 8 years, gained an average 
of 1.82 lb. daily from birth to weaning. Below, a cow of the same age in the same herd 
who raised only 3 calves in 5 years and whose calves gained an average of only 1.23 lb. 
daily from birth to weaning. These two cows illustrate forcefully the degree of difference 
often found in maternal abilities of cows. (Courtesy of Tennessee Agricultural Experiment 
Station.) 
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weights being accounted for by differences between cows in most herds. 
This repeatability is high enough that cows raising a first calf or first 
and second calves distinctly below average in weight (and where accident 
or sickness is not known to have influenced calf weights) can be safely 
culled with little chance of culling a cow that would be a high producer 
with later calves. 

Weaning weight is a composite character in that it is affected both by 
the direct influence of the mother (amount of milk provided, intrauterine 
environment, and possibly care taken of the calf) and by the inherited 
growth capacity of the calf. Since the dam gives a calf half its genes, 
she exerts both a direct and a transmitted influence. It has often been 
assumed that growth rate from birth to weaning is largely a function of 
milk production of the dam. In studies of 77 milk- and butterfat- 
production records of Hereford, Angus, and Shorthorn cows in relation 
to growth rates of their calves, Gifford (1953) found marked differences 
in milk production between cows. Gross correlations between milk 
production and gain in weight during the first four months of life were 
+0.60, +0.71, +0.52, and +0.35, respectively. Correlations during 
the next four months were smaller and not statistically significant but 
were positive, suggesting a continuing but less important influence of 
milk production on calf growth as the calves reached ages at which they 
could forage for themselves. The over-all effect of milk production on 
calf weight in this study is best illustrated by data in Table 62. 


Table 62. Relation of Milk Production to 8-month Weights 
of Calves from Hereford Cows 


Maximum daily 
milk production 
of dams, lb. 

Number 
of cows 

Milk produced, lb. 

Calf weights at 8 mo., lb. 

Average 

Range 

Average 

Range 

Iass than 6.5. 

12 

5.0 

2.3-6.4 

354 

259-446 

6.5-12.9. 

37 

8.8 

6.6-12.9 

405 

294-514 

13.0 and over. 

6 

15.6 

14.4-17.7 

475 

435-628 


The importance of the maternal ability of the dam, whether it be due 
to milk production or other factors, is further emphasized by some 
experimental results from the Lufkin, Texas, substation. 


Breed of sire 

Breed of dam 

Av. calf weaning wt., lb. 

Hereford 

Brahman X Hereford 

465 

Brahman X British 

Hereford 

345 


In this test the calves were similar genetically, all having 3/4 Hereford 
and 1/4 Brahman breeding. The differences in weaning weight must 



















SELECTING BEEF CATTLE 


459 


be attributed to the influence of the mothers. Whether this influence 
is due primarily to milk production or whether other things are also 
important is not definitely known. 

The heredity of the calf is also important, as emphasized in a summary 
of all known experimental results on the performance of Brahman X 
British-type calves. The Brahman crossbreds were, on the average, 
28 lb. heavier at weaning than British types. Since all calves were out 
of similar British-type dams, this difference must be attributed to the 
heredity of the calves. 

Heritability estimates of weaning weights have been quite variable 
(Table 61), but they are predominantly positive, as is the one available 
estimate of heritability of maternal ability of beef cows. This leads us 
to believe that consistent selection of herd sires and replacement females 
which were themselves heavy at weaning should result in improvement. 
Whether this improvement comes largely from improved ability of the 
calves to grow or from improved maternal abilities of cows is immaterial, 
since selection is automatically for whichever (or both) of these is most 
important. Dawson et al. (1954) suggested the following selection 
procedures: 

(1) Retain a high percentage of heifers for one or two calf crops and select those 
which demonstrated the ability to wean heavy calves for further use in the herd; 
(2) select sires from among sons of cows which have repeatedly demonstrated 
their ability to wean heavy calves and which are grandsons of bulls whose 
daughters have on the average produced heavy calves at weaning; and (3) where 
possible, use sires whose daughters have proven to have good maternal abilities. 

As with other performance characters, it is imperative that weaning 
weights be evaluated in herds where both cows and calves are handled 
as much alike as possible. Other factors, including sex of calf and age of 
dam, cannot be held constant, and adjustment must be made for them. 

The magnitude of sex differences has varied widely from study to study, 
but in most cases bulls and steers have exceeded heifers. Unless data 
from the herd concerned indicate otherwise, an upward adjustment of 
about 8 per cent for heifer weights and 3 per cent for steer weights is 
needed to make their records comparable to those of bulls. 

Age of the dam is related to weaning weights of calves. Various 
studies (see Koch and Clark, 1955a, for latest study and references to 
earlier work) have shown that weaning weights gradually increase until 
a cow is six to eight years old and then tend downward. The actual 
amount by which calves from three-year-old cows are lighter than those 
from mature cows has varied from about 20 lb. to over 70 lb. in different 
studies, with other ages showing proportional differences. Probably 
the magnitude of age differences depends to a large extent on manage¬ 
ment conditions, although the possibility of genetic differences in the 
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rates of maturity in cows cannot be overlooked. The breeder must make 
allowance for age of dam according to the actual observed differences in 
his herd. 

Weaning weights must be taken at the standard age or some adjust¬ 
ment must be made to a standard-age basis if calves of different ages are 
to be compared fairly. Since in usual herd management it is impossible 
to weigh each calf as it reaches standard weaning age, some provision 
must usually be made for adjusting weights. Roger and Knox (1945) 
developed a normograph based on regression of weight on age for making 
adjustments easily in a New Mexico range herd. Similar methods could 
be developed for other herds. 

Examination of growth curves of calves in a number of experiment- 
station herds indicates that calves tend to gain at a rather constant rate 
per day during the period up to six or eight months of age, which covers 
the usual weaning ages. Calves can therefore be weighed in groups 
when their ages average near the standard age. The difference between 
this weight and the actual or assumed birth weight can be used to calcu¬ 
late the average daily gain from birth to weaning for each calf, and this 
figure can be used to adjust weights to a constant age basis. Since birth 
weight makes up a larger proportion of the weight the younger the calf is, 
younger calves would be favored if no allowance was made for birth 
weight. If, as is often the case, birth weights are not taken, only a small 
error will be introduced into the calculations by assuming an average 
birth weight for all calves in a herd. 

For example, if a calf had a birth weight of 70 lb. and weighs 360 lb. at 
195 days, he has gained 1.49 lb. for each day of age. If the standard 
weaning age is 210 days, an approximation (close enough for usual pur¬ 
poses) of what the calf would weigh at 210 days is obtained by multiply¬ 
ing 1.49 by 15 and adding the product, 22.35 lb. (better round this to 
22 lb.), to the actual weight at 195 days. Thus the estimated 210-day 
weight is 360 + 22 = 382 lb. Slightly more precision would be attained 
if all calves in a herd were weighed two or more times at intervals of two 
to four weeks as they approached the standard, and the average daily 
gain made during the interval used to estimate weight at the standard 
age. This procedure may be advisable in herds where growth rates are 
known to increase or decrease as calves approach weaning age. In most 
cases, however, a single weight should provide a reasonably good basis for 
estimating weight at a standard age. 

Less pencil work will be necessary, and comparisons of preweaning 
growth rates between calves will be nearly as valid, if use is made merely 
of the average daily gain without going to the trouble of converting to a 
standard age. Many prefer this simple method, and it is being used in 
at least one state performance-testing program. 
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Animal husbandmen have long assumed a positive relationship between 
n reweaning growth rate and growth during a subsequent fattening period. 
This has been studied rather extensively in recent years, and there are 
conflicting data. Some studies have shown virtually no relationship, 
while in other cases significant positive correlations of +0.20 or higher 
have been observed. The phenomenon of compensatory growth has 
long been recognized in beef cattle and other animals. If an animal is 
underfed during one period, he will make greater-than-average gains 
during a subsequent period of more liberal feeding. The reverse is also 
true. Thus it is reasonable to expect that a calf which is so poorly 
nourished before weaning as to gain below his genetic capability will gain 
relatively faster later. Opposed to this strictly environmental circum¬ 
stance is a probably more or less uniform tendency to gain in accordance 
with inherited ability. Under conditions of optimum nutrition there 
should be definite positive correlation between gain in consecutive periods. 
The available evidence indicates that these two tendencies essentially 
offset each other under some circumstances, while under others the 
hereditary tendencies are important enough for this tendency to bring 
about a positive relationship. It is unlikely that this tendency will be 
strong enough, under many circumstances, to give weaning weight a high 
value in predicting subsequent gain of individuals. The possibility of 
its having such value for groups such as sire progenies should be investi¬ 
gated further. 

Knapp et al. (1941) found that weaning weight was negatively corre¬ 
lated with efficiency of gain during a subsequent time-constant fattening 
period. In all probability the lower efficiency of the heavier weaning 
calves is due to the fact that they have reached a more expensive part 
of the growth curve, not to an inherently lower efficiency. Thus this 
observation does not constitute an argument for selecting light weaning 
calves. 

Gain and Efficiency of Feed Utilization during a Feeding Period. 
Although beef calves are often sold for slaughter at weaning, especially 
in the South, they are more often fed in dry lot on concentrates, pastured, 
or fed according to some system involving both pasture and dry-lot 
feeding for a period of time prior to being marketed. The animal which 
gains rapidly during this period has to be fed fewer days to reach a given 
weight, with a resulting saving in labor and either a more rapid turnover 
of capital or an increased volume of business. The rapid-gaining animal 
also tends to be the most efficient. 

Since no other characters seem to be highly enough related to post- 
weaning performance to be of predictive value, feeding tests are needed 
to measure this important character. How such feed tests should be 
conducted is not a settled question. Individual feeding is necessary if 
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estimates of efficiency of feed utilization for each individual are to be 
obtained. Group feeding is satisfactory if only rate of gain is measured. 

The earliest proposals called for feeding individually for a fixed 
number of days after weaning. This is by far the most convenient 
method, but it has the disadvantage that animals varying in weaning 
weight may be in very different portions of the growth curve during the 
period of similar chronological age. This method is therefore not well 
suited for measurement of efficiency (see Knapp and Baker, 1944), but 
since there is little or no relationship between weaning weight and sub¬ 
sequent rate of gain, it does provide a convenient and acceptable method 
of evaluating rate of gain for use in selection. Within rather wide limits 
the age at which cattle go on feed after weaning has little effect on sub¬ 
sequent gain. Therefore a convenient, satisfactory, and widely used 
means of conducting gain tests is to put all calves on feed on a given date 
after weaning and feed them dor a predetermined number of days. 


Table 63. Individual Performance Data of Hereford Bulls Shown 
in Figure 148. Tooether with Performance Records of Eioht 
Randomly Selected Steer Progeny of Each Bull 


Own performance 


Av. performance of steer progeny 


Bull 

no. 

Weaning 

wt. 

Av. daily 
gain on 
testa* 

Wt. at 
36 mo. 

Weaning 

wt. 

Av. daily 
gain on 
tests* 

Wt. at av. 
age of 
approx. 
14>$ mo. 

Carcass 

grade 

339 

452 

2.64 

1,734 

441 

wm 


Choice 

373 

457 

2 42 

1,586 

436 



Choice 

374 

385 

1.97 

1,396 

441 

2.12 


Choice 


* Dry-lot test* on full f«ed starting toon after weaning. Bulls fed 196 days and steers 262 days. 


It was later proposed (Black and Knapp, 1938) that animals on test 
be fed through a given weight range, the suggested range being from 
500 to 900 lb. live weight. They showed a very high relationship 
between rate and economy of gain when this method was used. 

Guilbert and Gregory (1944) pointed out that animals differing in rate 
of maturity may differ greatly in composition at a given weight. Since 
the energy required to produce fat is greater than that required to pro¬ 
duce lean meat and bone, it is apparent that the early-maturing, rapidly 
fattening calf would be at a disadvantage in efficiency valuation. The 
investigators recommend feeding to a definite degree of finish in an effort 
to control the composition of the gains. 

In view of the expense involved in individual feeding, the uncertainty 
in interpreting the results, and the apparent gross relationship between 























Fio. 148. Above. Bull No. 339. Center. Bull No. 373. Below. Bull No. 374. Individual 
and progeny performance records of these bulls are given in Table 63. Compare appear¬ 
ance and performance records. Bulls and progeny raised at the U.S. Range Livestock 
Experiment Station. Miles City, Montana. ( Courtesy of Animal and Poultry Husbandry 
Research Branch, U.S. Department of Agriculture.) 
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rate of gain and efficiency in cattle of reasonably uniform type, the prac¬ 
tice of group rather than individual feeding is quite common even at 
experiment stations doing performance testing. It is probably the only 
practical method for most breeders. 

Knapp and Baker (1944) and Grizzle and Kincaid 1 observed relatively 
low correlations between rate of gain and efficiency in time-constant 
feeding periods with animals varying in weight and started on feed soon 
after weaning. Adjustment of efficiency figures for differences in live 
weight raised this correlation to +0.83 in the first study and to +0.77 to 
+0.88 for different groups in the second. Apparently cattle within the 
age and weight ranges studied ate feed approximately in relation to live 
weight, but rate of gain was nearly independent of live weight. Thus 
rate of gain was a better measure of efficiency than feed-conversion data 
before adjustment for live weight. 

Although there is i o basic relationship between size and efficiency, 
many of the overhead costs of livestock production tend to be on a “ per 
head ” basis. Thus, as Brody 2 has pointed out, it may be more economi¬ 
cal to produce the same amount of product from fewer animals of large 
size than from a larger number of smaller animals. 

It would appear, therefore, that the method of selecting on the basis 
of rate and economy of gain during a constant-weight period would be 
satisfactory from a practical standpoint if it were combined with selection 
for satisfactory carcass finish at the desired weight. 

All investigators are agreed that the feeding period should be one of 
full-feeding or self-feeding. Knapp and Baker (1943) found that genetic 
differences were not expressed between sire progenies if a limited-feed 
intake put a ceiling on rate of gain. Knapp and Clark (1947) found that 
genetic differences in rate of gain were not fully expressed until late in a 
long feeding period. The apparent heritabilities of gain were 10, 54, 
and 84 per cent in the first, second, and third 84-day periods of a 252-day 
feeding period, respectively. These tendencies need to be checked in 
other herds, but until information becomes available indicating that 
shorter test periods are satisfactory, tests of 140 days or longer are being 
recommended. 

Most of the postweaning-gain testing thus far has been under dry-lot 
conditions. Heavy grain rations have been fed in some tests, while in 
others rations with only 30 to 40 per cent concentrates have been fed. 
Hereditary differences have been found under both regimes. Since 
beef cattle get about 80 per cent of their nutrients from forage, it might 
be more logical to conduct gain tests on pasture or range. This pro¬ 
cedure has not been sufficiently explored to date. Available data sug- 

1 Jour. Anim. Sci., 13(4) :958, 1954 (abstract). 

■Jour. Nutr., 17:235-251. 1939. 
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e st but lack much of providing rigorous proof, that the genotypes 
leading to good performance in the feed lot also lead to high gains on 
ture. This point needs further investigation. 

P Conformation and Carcass Evaluation. The factor of human judg¬ 
ment enters into the usual methods of evaluating conformation. It is 
thus subject to more error than the measurement of weaning weight or 
ro'vth rates. Some of the limitations of type evaluations have been 
ointed out in earlier sections. However, as long as the cattle market 
is a discriminating one, type is an important factor in the profitability of 
the beef-cattle business, and it must be taken into account in a selection 
program. It can best be evaluated in a systematic way by giving every 
animal a numerical grade or score at some standard age or ages. Some 
breeders score their cattle at weaning time and yearly thereafter. The 
most important time to grade animals is at the age or weight correspond¬ 
ing to that at which cattle are normally marketed. Type evaluation at 
this time will most nearly represent the degree to which animals are of 
desirable market type and have the ability to fatten at the desired age. 

Various scoring and grading systems have been used. The actual 
system is not so important as the systematic use of the system selected. 
A widely used system is as follows: 

2 \ 14 1 20 1 26 \ 

4 1Prime or Fancy 10[Choice 16[Good 22[Medium 28[Common 

6 J 12) 18) 24j 30) 

The numbers within a grade are used to indicate whether the animal is 
at the top, in the middle, or at the bottom of the grade. 

Another rather widely used system, which has the advantage of sim¬ 
plicity and easily understood description, is shown in Table 64. 

Experience and rigid adherence to the ideal of type will help somewhat 
in holding scoring standards constant from year to year. If each animal 
is scored at standard ages, the scores will represent a valuable record of 


conformation. 

It must be recognized that the apparent desirability of conformation 
in an animal changes from time to time, depending upon age, amount of 
flesh, health, etc. This occurs in spite of the fact that the animals do 
not change genetically. These facts are well illustrated by a report 
from the Arkansas Station (Brown et al., 1953) in which all animals in a 
herd were scored by three or more persons twice annually for a period of 
10 years. Results indicated (1) that permanent differences between 
animals accounted for about one-half the variation in scores; (2) that 
conformation scores of heifers tend to decline around the first calving 
and then improve to about five years of age; and (3) that, although men 
did not always agree, this was a relatively minor source of variation in 


scores. 
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Table 64. Grading Guide fob Beef-cattle Records of Performance* 


Grade 

desig¬ 

nation 


Description 


Numerical 

value 

Breeding cattle 

Market cattle 


Feeders 

Slaughter 

Grade 1 

100 (1+) 
97 (l) 

94 (1-) 

The top of the grade repre¬ 
sents outstanding animals 
in strong competition. The 
middle and lower ends of 
the grade represent excel¬ 
lent breeding animals from 
the standpoint of type, con¬ 
formation, quality, and 
character, capable of mak¬ 
ing a good showing in strong 
competition. 

Strictly fancy 
or select 

Strictly prime, ca¬ 
pable of credit¬ 
able showing in 
strong single or 
carlot competi¬ 
tion 

Grade 2 

91 (2+) 
88 (2) 

85 (2-) 

Cows in Grade 2 are good 
enough to retain for breed¬ 
ing tests in purebred herds. 
This is a practical top for 
commercial cattle. The 
top of Grade 2 represents 
the best of range bulls; the 
lower end, of herd bulls. 
Cattle in this grade are well 
down the line or out of the 
money in strong competi¬ 
tion. 

Top choice 
Choice 

Low choice 

Top choice 

Choice 

Low choice 

Grade 3 

82 (3+) 
79 (3) 

76 (3-) 

Cows usually should be 
culled from purebred herds; 
good commercial cattle; 
bulls rarely capable of mak¬ 
ing much improvement ex¬ 
cept on very plain cattle. 

Top good 
Good 

Low good 

Top good 

Good 

Low good 

Grade 4 

73 (4+) 
70 (4) 

67 (4-) 

Plain, upstanding, thin- 
fleshed, slow-maturing cat¬ 
tle lacking in quality and 
character and having seri¬ 
ous defects in conforma¬ 
tion. Should be culled 
from commercial herds. 

Top medium 
Medium 

Low medium 

Top commercial 
Commercial 

Low commercial 


• From Cali/. Agr . Sxpt. Strv. Cir. 131. 1946. 
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Conformation ratings should be recognized for what they are, namely, 
a fair indication of potential carcass quality. Common beliefs to the 
contrary, available evidence indicates that conformation is a poor 
indicator of ability to gain or of other items of productive importance. 
These things can be adequately measured only by actual performance. 
It is just as much of an error to take conformation as the only item con¬ 
sidered in selection (as is now so often the case) as it would be to ignore 
it completely. 

The above discussion points out the records which are valuable in 
beef production. Although the most efficient method of using perform¬ 
ance records in selection cannot be stated with certainty, it does appear 
that each breeder can work out a system which, although it may not be 
perfect, will be distinctly superior to no records. 

Each calf should be evaluated on the basis of his own birth weight, 
weaning weight, rate of gain, efficiency of gain, and body type. 

The relative importance which should be given to reproductive effi¬ 
ciency, weaning weight, postweaning rate of gain, evaluations of confor¬ 
mation and finish, and, where available, to efficiency of gain are not 
known to have been studied intensively under any one given set of 
conditions. The relative performance level of a herd for each character 
and the market value of each character under the marketing situation 
prevailing for each herd must be considered in relation to the herita- 
bilities of the various traits in deciding where to put the greatest emphasis. 

Genetic interrelationships among performance items in beef cattle 
have not yet been studied extensively. Evidence available to date 
indicates that animals combining above-average carcass quality, rate 
of gain, and maternal abilities can be produced. Whether intense 
selection for any one of these qualities would lead to deterioration in 
others is not definitely known. Genetic antagonisms may be so strong 
that it will prove impossible to attain maximum development of each 
character in the same animal or strain. 

Koch and Clark (1955b) found evidence of a negative genetic correla¬ 
tion in the Miles City, Montana, Hereford herd between maternal 
qualities and gaining ability and conformation. They point out that 
if the postulated negative correlation actually exists, then net progress 
of selection for weaning weight will be lowered, even if calves are raised 
by their dams. They point out further that raising calves in ways 
which minimize effects of maternal environment (t.e., by raising calves 
on nurse cows or creep feeding) and selecting for gaining ability and 
conformation may result in indirect selection for poor maternal qualities. 
Their study is based on large numbers, but all the data are from one herd, 
so it is impossible to know whether the results represent relations in all 




Fio. 149. Lassie of W. T. 92607. a Grand Champion Red Poll female. The Red Poll is a 
dual-purpose breed of cattle. (Courtesy of Purdue University.) 
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herds. In view of the widespread use of nurse cows in many top herds 
the matter needs further study. 

Cooperative Beef Cattle Breeding Research Program. A cooperative 
beef cattle breeding research program was initiated in 1946 between the 
U.S. Department of Agriculture and state agricultural experiment 
stations to provide for a larger-scale research program than any one 
agency could develop alone. Thirty-five states and the Territory of 
Hawaii are now cooperating in this program. Work is organized into 
three regional projects, including states in the Western, North Central, 
and Southern regions. In spite of the slow reproductive rates of cattle 


many research reports have already emanated from this project. Future 
developments should be helpful to the beef-cattle industry. 

Selection in Dual-purpose Cattle. Because dual-purpose cattle are 
kept for both milk and beef production, it is obvious that breeders should 
use both the index commonly used in dairy herds and the criteria of 
selection used for beef animals. The problem here is similar to that 
found in all classes of livestock, viz., the securing of sufficient data so 
that selection may be practiced in keeping with the known laws of 
heredity; in other words, that it rest on a sound genetic basis. 

Dual-purpose-cattle selection is not very different from that prevailing 
in all other classes of livestock, for most breeders try to select for more 
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than one thing at a time. Here we are selecting for two major things at 
once, milk and beef; in addition, the two things are probably to some 
degree antagonistic. We know, therefore, at the start that we shall 
probably never combine both things in their extreme degrees in any one 
animal. The beef breeds have many genes for beef production and a 
f eW for milk production owing to the breeding and selection that have 
been practiced in the past. The opposite situation, of course, prevails 
in the dairy breeds. Dual-purpose cattle breeders want about a 50-50 
combination of beef and milk genes. 

Studies thus far indicate reasonably high heritabilities for characters 
of importance in dual-purpose cattle. Yao el al. (1954) estimated the 
heritabilities of milk, butterfat, and peak daily milk production to be 
28, 37, and 17 per cent, respectively, from paternal half-sib correlations 
among 163 Milking Shorthorn cows. Intra-sire regression of daughter 
on dam for 123 cows with records on both daughters and dams gave 
estimates of 71, 84, and 74. The reason for the variability between 
estimates is not readily apparent, although sampling error is not excluded. 
The authors of this report believe the true heritabilities probably lie 
between the two estimates. Kohli el al. (1952) estimated the heritability 
of daily gain as 64 per cent and of efficiency as 26 per cent in Milking 
Shorthorn steers fed from 500 to 900 lb. Both estimates are subject to 
large sampling errors but are not inconsistent with similar estimates in 
beef cattle. Thus, discovering the animals that come closest to having 
the desired genetic make-up through testing and record keeping, followed 
by intense selection, should eventually produce superior strains of dual- 
purpose cattle. 
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CHAPTER XXI 


SELECTING SHEEP 


Sheep are basically dual-purpose animals, producing both wool and 
meat. Although they are not known to have been used extensively in 
the United States for milk production, there are many nations where 
specialized sheep breeds are important as dairy animals. Fur-producing 
types are also important in many areas and have been tried experimen¬ 
tally in the United States. Historically in different parts of the world 
and at various times, economic circumstances have favored sheep having 
the ability to produce (1) desired types of wool or (2) lamb or mutton 
with desired qualities. Breeders responded to the demands with the 
development of strains and breeds of sheep especially suited to the par¬ 
ticular type of product desired and adapted to the geographic area. 
Many of the local strains and breeds developed during the long course 
of history have now disappeared, but we still have a great variety of 
types and breeds of sheep. The process of breed formation is not neces¬ 
sarily over, several breeds having developed in the United States alone 
during the past 40 or 50 years. 

Sheep are raised under many and varied environmental conditions both 
in the United States and in other areas of the world. Too, the type of 
sheep production likely to be most profitable depends on the social and 
economic development of an area, a frontier supporting a different type 
of sheep enterprise than thickly settled areas. Wars and tariff policies 
have exerted profound influences on the American sheep industry. 

In colonial America sheep were grown almost entirely for the purpose 
of producing wool. 1 Original importations were largely of British breed¬ 
ing of the same medium- or long-wooled types which later evolved into 
the modern British long-wool and Down breeds. The wool clip of the 
early colonies was only 2 or 3 lb. per animal per year, but through selec-. 
tion and improved feeding and management it reached 8.48 lb. in 1954 
and may, of course, go still higher. 

Several local strains or breeds were developed in the early days of our 
nation’s history. Of particular interest is the Arlington Long-wool breed 
founded by George Washington and perfected by his adopted son, George 

1 See Wentworth, E. N. “America’s Sheep Trails,” Iowa State College Press, 1948, 
for more details of the fascinating history of sheep in the United States. 
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Fio. l. r >n. Al>nir. a champion B-typc Rainl>ouillet ram showing heavy neck folds and a 
moderate degree of wrinkling on (he l»n«l\\ Hrlrnc. a range Rambouillet ram almost free 
from wrinkles. Note the difference in degree of face covering in these two rams. (Cour- 
lesy of Animal and Poultry Husbandry Research Branch, I’.S. Department of Agriculture.) 
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Washington Park Custis. This was the first strictly American strain of 
livestock to receive recognition and was apparently an excellent breed. 
It was smothered beneath the Merino onslaught of the early nineteenth 
century. 

Types of Sheep. Sheep of fine-wool types now popular throughout the 
world all descend from Spanish foundations. Until near the end of the 
eighteenth century exportation of Spanish Merinos was forbidden by law 
and Spain controlled the fine-wool trade of the world. Shortly after 
1800 extensive importations were made into this country. From these 
the American Merino was developed, with Vermont exerting the greatest 
influence for many years. Largely as a result of wars and tariff policies 
the Merino sheep business went through fantastic booms and depressions, 
but it remained the dominant influ¬ 
ence in the American sheep busi¬ 
ness during most of the nineteenth 
century. 

From the early Vermont Merinos 
there were later developed several 
Delaine Merinos in efforts to pro¬ 
duce fine wool of sufficient length 
for combing. Several Merino breed 
associations were established. The 
American and Delaine Merino Rec¬ 
ord Association was founded by 
the consolidation of several of them, 
but three other associations still 

exist. Merino type varies from a Fig. 151 . A yearling Cotswold ram illustrat- 
small, thin, heavily wrinkled animal 
of poor carcass quality but produc¬ 
ing a fine, dense, heavy fleece of short wool (Type A) to a larger, fairly 
heavy, and low-set animal of improved carcass quality but generally 
lacking wrinkles and with a heavier but less fine and dense fleece (Type 
C or Delaine), and a third intermediate form (Type B). 

From Spanish Merino foundations the French developed a fine-wool 
strain of sheep, the Rambouillet, of much greater size than the American 
Merino. Many of these animals were brought to America about the 
middle of the nineteenth century, and for a time they were a very popu¬ 
lar breed. Interest then declined, to be revived about 1890. The Ram¬ 
bouillet is a large animal producing a heavy, dense fleece. As with the 
American Merino, there are variations in amount of skin wrinkles, and 
at some shows the animals are divided into B and C types. They were 
brought to America to serve primarily as wool producers. In recent 
years greater attention has been paid to fleshing qualities, more by some 
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breeders than by others, but the carcasses are not of so high a grade gen¬ 
erally as those from the Down breeds. This breed has been called the 
most typical dual-purpose breed in America, yielding something in den¬ 
sity and fineness of fleece to the American Merino and to the Down 
breeds in quality of carcass. Foundation flocks for the jreat Western 
range sheep industry came partially from the Eastern fine-wool areas 
but largely from descendants of the early importations of Spanish settlers. 
These sheep were apparently largely of the unimproved churro type rather 
than Merinos, as is sometimes assumecf American Merinos were widely 



Flo. 152. A Hampshire ram illustrating the medium-wool or "Down" type of sheep. 
(Courtesy oj American Hampshire Sheep Association.) 


used to “grade up” these flocks. After 1900 the Rambouillet became 
the dominant breed in the West, and it has been estimated that 98 per 
cent of the ewes west of the Mississippi River now carry 50 to 100 per 
cent Rambouillet blood. 

Robert Bakcwell, the noted English livestock breeder of the eighteenth 
century, greatly improved one of the long-wool breeds, the Leicester. 
He devoted his major attention to fleshing or fattening qualities and 
quite neglected wool. The result was a fairly large breed of sheep with 
rather long and coarse wool and a carcass which, when finished, was over¬ 
laid with several inches of fat. To a greater or less extent these qualities 
are found also in the other long-wool breeds—Cotswolds, Lincolns, and 
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Romneys. The long-wool breeds were created, therefore, primarily to 
serve as meat animals, supplying the large fat legs and roasts then in 
demand. In recent years more attention has been paid to wool, and 
attempts have continually been made to improve the quality of carcass 
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in these breeds. The fine-wool breeders generally pay particular atten¬ 
tion to fleece and less attention to carcass qualities. The long-wool 
breeders, on the other hand, pay more attention to carcass, less to fleece. 

The various “Down,” or medium-wool, breeds of sheep—Southdown, 
Shropshire, Hampshire, Suffolk, etc.—were developed in Great Britain 
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and in many ways fill the void between the fine- and long-wool types. 
As a general rule they produce carcasses which come nearest to meeting 
today’s requirements. The Down breeds have been bred and kept rela¬ 
tively pure in commercial flocks in the East and Midwest, while in the 
Western range country they have been used largely for crossing. 

As pointed out in an earlier chapter, Hammond and his associates have 
developed the idea that improved meat type depends upon selection for 
increased rates of development of later-developing body tissues. Fig. 
153 gives a visual appraisal of the differences in body proportions of 
improved and unimproved sheep of various ages. 

Crossbreeding Systems. Crossbreeding has long had an important 
place in sheep production, especially that of fat lambs. The systems 
used in Great Britain are perhaps the most widely known. In England 
and Scotland considerable stress has been placed upon the development 
of strains adapted to particular areas. These adapted strains are used 
to furnish the basic stocks for commercial production but are usually 
used in various crossbred combinations. As an example of this scheme, 
consider the place of the Black-faced breed of sheep used on the rugged 
hill land of Scotland. This breed is noted for exceptional vigor and for 
ability to survive and reproduce under adverse conditions. However, 
even when the environment is favorable and optimum nutrition is pro¬ 
vided, carcass quality is mediocre. When ewes of this breed are mated 
with mutton-type rams, such as the Border Leicester, the resulting lambs, 
if properly fed, yield satisfactory carcasses. The male offspring of this 
cross are sold for mutton, while the females are taken to good pasture 
and bred to mutton-type rams of the Down breeds, with all the offspring 
going for slaughter. 

Systems of sheep breeding similar to this also exist in Australia and 
New Zealand. Nichols' has termed this stratification of an industry and 
has pointed out that it may occur in time as well as space. Such systems 
develop when ewes suitable for commercial fat-lamb production in areas 
with high-quality pastures can be raised more cheaply in other areas than 
ewe replacements can be raised in the fat-lamb areas. 

A system of this general nature serves as the basis for much of the sheep 
industry of the Pacific Northwest. Lincoln X Rambouillet crosses arc 
made, and the ewe lambs are raised economically to yearling age on rather 
sparse ranges, usually in Montana or Idaho. These ewes are sold as year¬ 
lings to sheepmen in better-range areas, principally Oregon and Wash¬ 
ington, where they are bred to Hampshire or Suffolk rams, and all the 
lambs are marketed. Such sheepmen buy all their replacement ewes. 
Their own operations are comparatively expensive, making it cheaper to 
buy replacements than to produce them. 

1 See Nichols, 1945, for summary and reference to earlier papers. 
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Similarly, the use of Western ewes serves as the basis for many com¬ 
mercial flocks in the early-spring-lamb area of Kentucky, West Virginia, 
Virginia, and Tennessee. Western ewes ordinarily available include 
Black-faced North westerns (usually Hampshire X Rambouillet crosses), 
Southwestern ewes (usually Corriedale X Rambouillet crosses but some¬ 
times Suffolk X Rambouillet crosses), and Rambouillets from various 
Western areas. 

Fads in Sheep Breeding. As if all the necessarily diverse factors in¬ 
volved in sheep production were not enough to worry about in a breeding 
program, the purebred-sheep industry is plagued with a diversity of breed 
trademarks, some of which are actually harmful from the standpoint of 
productivity. Two fads_J])at developed in certain sheep breeds are 
among our best examples of the dangers in allowing selection to be directed 
toward mere trademarks. 

It was long assumed that sheep with w rinkled skin woul d have more 
area upon which to grow wool and would therefore produce heavier fleec es 
t han smooth-bodied type s. Another apparently equally logical assump- 
tion was that a covering of wool extending well down over the face should 
be related to a strong wool-growing tendency and therefore be indicative 
of fleece production. The first, assumption served as the basis upon which 
some breeds of fine-wool sheep were selected for an extremely wrinkled 
condition. Fine-wool and medium-w ool breeds were, in some cases, 
selected for extensive face covering, extending in extreme cases clear to 
the muzzle. w 

Systematic studies over a period of years, especially by the U.S. Depart¬ 
ment of Agriculture and the Texas Agricultural Experiment Station (see 
Shelton et at., 1953, for latest paper and references to earlier work) have 
shown that the wrinkly types of sheep do produce more pounds of grease 
wool than the smooth types. The differences practically disappear when 
the dirt and grease are removed in scouring, however, so that the weights 
of clean wool produced by the two types are almost equal. In addition, 
in the smooth types staple length is longer and fiber diameter is more 
uniform. Observation indicates that the smooth types are easier to shear 
and less susceptible to fly-strike. Thus the evidence seems to be clear 
that the wrinkly types do not have the wool-producing superiority claimed 
for them, at least under present-day range conditions, and that they are 
undesirable in other respects. 

Extensive studies have likewise shown that extreme face covering is 
undesirable. The excessive growth of wool covers the eyes and causes 
wool blindness, which interferes with the ability of the animal to eat. 
Figures in Table 65, taken from a report of the Western Sheep Breeding 
Laboratory, indicate that under range conditions Rambouillet ewes with 
covered faces are seriously deficient in lamb production. The last column 
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in the table, indicating a difference of 11.1 lb. in lamb produced per ewe 
bred, is especially striking. 

Not only were the covered-faced ewes inferior in lamb production, but 
they were not importantly superior in wool characters. A few statements 
from the report give a concise summary of the work. 



Fi°. 154. Variation in degree of face covering in sheep. The animals shown in (E) and 
(*’) liro definitely "wool-blind.” (Courtesy of Western Sheep Breeding Laboratory Dubois, 
Idaho.) 

Ewes with open faces produced 11.3 per cent more lambs and 11.1 more pounds 
of lamb pci ewe bred than those with covered faces. Ewes with partially covered 
faces weaned 8.0 per cent more lambs and 7.7 more pounds of lamb per ewe bred 
than those with a covered face. Differences in face covering within these groups 
were associated with corresponding differences in lamb production. These 
advantages for ewes with open faces occurred in spite of three periodic clippings 
around the eyes of all ewes subject to wool blindness. 

About 46 per cent of the advantage of open-faced ewes was due to a greater 
number of lambs born per ewe lambing; 26 per cent was due to higher weaning 
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weights;. 19 per cent was attributed to a higher proportion of the ewes becoming 
pregnant; and 9 per cent was due to greater viability to weaning of offspring. 

Open-faced ewes excelled covered-faced ewes in lamb production at each year 
of age. The greatest advantage of open-faced ewes in pounds of lamb per ewe 
bred was found at 3 years of age followed in order by 2, 4, 6, and 5 years. 

The yearling grease and clean fleece weights and staple lengths of 2,499 Ram- 
bouillet ewes and the lifetime grease fleece weights of 798 Rambouillet ewes were 
slightly greater for covered-faced ewes than for those with open faces. The 
differences were not significant except for staple length and were not large enough 
to be economically important. 

The great economic importance and high heritability of face covering indicate 
that it should receive as much or more attention in selection than any other trait 
in sheep if wool blindness is a problem.' 


Table C5. Relation of Face Covering to Lamb Production* 


Face covering 

No. of 

ewe 

years 

Per 

cent 

ewes 

lamb¬ 
ing of 
ewes 

bred 

Per 

cent 

lambs 
born 
of ewes 
lamb¬ 
ing 

Per 

cent 

live 

lambs 

of 

lambs 

born 

Per 
cent 
lambs 
weaned 
of live 
lambs 
born 

Av. 

wean¬ 

ing 

wt., 

lb. 

Per 

cent 
lambs 
weaned 
per ewe 
bred 

Lb. of 
lamb 
weaned 
per ewe 
bred 

Open. 

286 

95 5 

126.7 

91 9 


m 

PI 

75.6 

Partially covered.. 

845 

95 4 

142 2 

92.3 

88.1 

im 

CIS 

72.1 

Covered. 

1,557 

91.9 

119.7 

90 0 

88 6 

73.4 

87.7 

64.4 


• Jour . A mm . Sci ., August, 1949. p. 356. 


The moral to be drawn from such studies is obvious, namely, that 
present-day breeders should critically examine existing breed standards, 
and, if necessary, experiments should be carried out to determine whether 
they are compatible with the production of the most efficient and profit¬ 
able animals. Obviously such critical tests should be applied to fads, 
which are certain to be started in the future, before, not after, they have 
become so widespread as seriously to hurt a breed. 

Selection Goals in Sheep. As can be seen from the foregoing discus¬ 
sion, there are a great many types of sheep in existence. They are raised 
in the United States under a greater range of environmental conditions 
and management systems than is true of any other class of livestock. The 
first job of the sheep breeder is, therefore, to select the type and breed of 
sheep best adapted to efficient production under the conditions where 
operations will be carried on and where breeding stock will be sold. 

After the type or types of sheep to be raised have been determined, the 
second task of the breeder is to improve the productivity of the type of 
1 Jour, of Anim. Sci., August, 1949, pp. 360-361. 
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sheep selected. Although formerly many sheep were kept almost exclu¬ 
sively for wool production, with aged wethers often being used for this 
purpose, the sheep industry is today almost universally on a dual-purpose 
basis; that is, both wool and meat animals (usually lambs) are major 
products, the relative importance of the two varying considerably in dif¬ 
ferent areas. For example, in the semiarid regions of the Southwest 
where ranges are so sparse as to make the production of milk-fat lambs 
impractical, lambs usually sell as feeders at lighter weights and lower 
prices than those at which milk-fat lambs sell in areas where their pro¬ 
duction is possible. However, high-quality fine wool can be produced 
under these conditions. Thus wool is relatively a much more important 
product than in better-range areas or under farming conditions such as 
prevail in the Middle West. 

Regardless of the relative emphasis given to wool and lamb production, 
the general objectives of sheep breeders are very similar, namely, to pro¬ 
duce as many pounds of lamb as possible per 100 lb. of ewe and as much 
high-quality wool as possible. 

As with other classes of stock, intelligent breeders with clear goals in 
mind can accomplish much by visual selection, including estimates of 
weight for age. All evidence, however, points toward the fact that any¬ 
one will do a better job of selection if he keeps a careful set of performance 
records and uses them. 

The keeping of production records on sheep and the intelligent evalu¬ 
ation of these records in making selections necessarily entail a considerable 
expenditure of time and effort. Because of the variety of types of sheep 
it is difficult to suggest procedures for making and evaluating records that 
will be universally applicable. However, the following items are believed 
to be of greatest importance under most conditions where sheep are raised 
in the l/fflted States. 

\}/Prolificacy of ewes (regularity of lambing and twin production). In 
some areas where grazing conditions are poor twin lambs may be a dis¬ 
advantage, but generally twin-producing ewes are more profitable than 
single-producing ewes. 

2 - B irth weights of lamb s. This item is of no value in itself but is related 
to vigor at birth and to rate of gain after birth. 

3. Earliness of lambing. Most domestic breeds of sheep are seasonal 
breeders, lambs being produced during the late winter and early spring 
months. For this reason the supply of lambs is highly seasonal, and 
price fluctuations are often extreme from month to month. In many 
areas late-fall-to-mid winter lambs can be raised satisfactorily and are ready 
for market at a time of year when prices are usually highest. The limiting 
factor in such areas is often the inability to get satisfactory breeding 
behavior at the necessary season. 
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Xj^Weaning weights of lambs. This is taken individually but is also 
used to measure total lamb production of a ew e. The latter may be best 
expressed as pounds of lamb weaned per ewe (in areas where costs are 
largely on a per head basis) or as pounds of lamb weaned per 100 lb. of 
ewe (best in areas where costs are related more closely to actual amounts 
of feed eaten than to total numbers). 

5. Type and fin ish of lambs at w eaning. These important factors reflect 
market value to a large extent.^ Attempts to evaluate these items objec¬ 
tively by means of measurements have as yet met with little success. 
Although unsatisfactory at best, the most successful means of evaluating 
these characters has been through the use of scores based on subjective 
appraisals of merit. 

6 . Fleece weight and quality. 

7. Regular annual and semiannual weights of all breeding stock. The 
evaluation of performance records is greatly complicated by envi¬ 
ronmental factors. Some of these, such as the effects of sex, age of 
dam, type of birth (single or multiple), and age at weaning, can be meas¬ 
ured and definitely taken into account. If these things are not systemat i- 
cally evaluated, selection may be biased in favor of lambs having the most 
favorable conditions for growth. A study of lambs bom during a 14-year 
period (1921-1934) in the Hampshire, Shropshire, and Southdown flocks 
at the Agricultural Research Center, Beltsville, Maryland, showed that 
environmental factors had apparently influenced selection to an undue 
degree when selection of lambs to be retained for breeding purposes began 
at three months of age. The summary of the study included the following 
statement: 1 

The results showed that type of birth and birth weight have influenced the 
selection of breeding animals. Single lambs have been preferred to twins, early 
lambs to late ones, and lambs that were heavy at birth to light lambs. With the 
exception of a portion of the effect of birth weight, the effects of these factors 
on selection are considered to be environmental in nature, and therefore reduce 
the chances of selecting the genetically superior animals for breeding purposes. 

Extensive studies at the Western Sheep Breeding Laboratory (see 
Terrill el al., 1948, for one report and references to others) have shown 
that under range conditions the sex, type of birth and rearing, and age 
of dam have important effects on body weight at both weaning and year¬ 
ling ages, on fleece characters, and on type and condition as evaluated by 
subjective scores. Age of lamb at weaning also had a significant effect 
upon weaning weight. The environmental factors were relatively unim¬ 
portant in affecting scores for face covering or neck folds. 

Table 66, prepared from data in the studies just mentioned, shows the 

* U.S. Dept, of Agr. Cir. 538, 1940, p. 14. 
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magnitude of some of the differences observed. In general, the differ¬ 
ences tend to become smaller with advancing age. The reader should 
recognize that these figures will not necessarily be applicable to other 
flocks under different environmental conditions. 

In a large operation the data necessary to arrive at figures such as the 
above can be collected and the records all corrected to a single standard, 
preferably by adding the appropriate number of pounds to the weights of 
lambs in the lower groups to adjust them to the level of the heavier group. 


Table 66. Differences in Performance of Range Sheep Due 
to Some Environmental Conditions 



Weaning 

characters 

Yearling ewe 
characters 

Body 
wt., lb. 

Staple 

length, 

cm. 

Body 
wt., lb. 

Clean 
fleece 
wt., lb. 

Staple 

length, 

cm. 

Rambouillet 






Advantage of: 






Rams over ewes. 

8.3* 

—0.48* 




Mature dam over two-year-old dam.. 

6.1* 

0.19 

2.6 

0.17 

ESDI 

Singles over twins. 

9.2* 

0.05 

6.0* 

0.23* 

hr5 

Columbias, Targhces, and Corriedales 






Advantage of: 






Rams over ewes. 

10.8* 

-0.54* 




Mature dam over two-year-old dam.. 

8.7* 

0.52* 

4.16* 

1.04 f 

0.46 

Singles over twins. 

11.7* 


7.12* 

1.03t 

0.12 


• Signifies statistic is large enough to account Cor 2 per cent or more of the toUl variation in that 
trait. 

f Grease-fleece weight. 


In actual practice similar results may be obtained by sorting lambs into 
groups according to sex, age of dam, type of birth, and age of lamb and 
selecting the same proportion from the various groups. 

The weaning weight should be taken as near the age at which lambs 
are customarily weaned in the area as is possible. Factors for adjusting 
lamb weights to a standard age (such as 120 or 140 days) have been 
worked out for certain breeds and flocks, but they apparently are not 
applicable to lambs in general, since lambs in different flocks of different 
breeds grow at such different rates. 

If lambs are weighed fairly close (probably within 10 days or two weeks) 
to the standard age, adjustments to a standard weight can be made in the 
manner suggested for calves. First determine the weight per day of age, 
multiply this by the day’s deviation from the standard age, then make 
the necessary addition or subtraction. The evaluation of type, degree of 
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finish, amount of face covering, and other traits can best be expressed in 
terms of subjective scores given by persons with experience. 

No one system of scores can be said to be better than another, but the 
one given in Table 67 has been used successfully at the Western Sheep 
Breeding Laboratory and at various experiment stations. 


Table 67. A Widely Used Sheep-scoring System 


Numerical 

score 

Definitions as regards 
type, finish, etc. 

Definitions as regards face covering 

1 

Excellent 

Not covered beyond poll 

2 

Good 

Covered to eyes 

3 

Medium 

Covered slightly below eyes, but open-faced 

4 

Fair 

Covered partially below eyes, but not subject 
to wool blindness 

5 

Poor 

Face covered and subject to wool blindness 


Plus and minus designations can be used with each numerical score, so 
that scores of 1 + , 1, or 1 etc., are possible, depending upon the degree 
of excellence. A total of 15 scores is thus possible. 

Fleece evaluation under practical farm conditions will have to be limited 
to (1) getting grease weight of each fleece as it is shorn; (2) measuring the 
length of staple at a given spot, preferably on the side or in the shoulder 
region; (3) making visual estimates of the fineness at probably three 
points on the side to estimate average fineness and degree of uniformity; 
and (4) making a careful examination for undesirable characters, such as 
black fibers or coarse hairy fibers known as kemp. Since grease weight 
represents not only wool but also dirt and grease, the amount of which 
varies from animal to animal, it would be desirable to have clean-fleece 
weights. These are seldom obtainable except under experimental condi¬ 
tions. Likewise, laboratory measurements of actual fiber diameter would 
be better than the visual estimates of fineness. Here again the tech¬ 
nique and equipment needed make the determination impractical for most 
breeders. 

In many climates a dense fleece which will not part over the back in 
heavy rains is necessary to protect the sheep. 

Use of Records in Sheep Selection. As has been pointed out in other 
chapters, the relative emphasis which should be placed on various traits 
in a breeding program depends upon (1) the economic importance of the 
trait, (2) the heritability, and (3) the level of performance already attained 
in the flock. The latter two factors are interrelated, since average per¬ 
formance near either end of a scale of desirability might be indicative of 
an approach to genetic fixation with a resultant low heritability. Because 
of the large number of gene pairs usually involved, this is unlikely to be 
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a problem with most quantitative traits, but sheep do furnish an example 
showing it can occur. Jones et al. (1946) found a heritability of 51 per 
cent for neck folds in a moderately wrinkled Rambouillet flock, Terrill 
and Hazel (1946) obtained an estimate of 38 per cent in a less wrinkled 
Rambouillet flock, while in Columbia and Targhees, with only a slight 
degree of wrinkling, the apparent heritability was only 8 per cent. Segre¬ 
gation in crosses indicates a relatively small number of gene pairs influ¬ 
encing wrinkling. 

The relative economic importance of various traits varies so greatly 
with differences in environmental conditions and available markets that 
it is doubtful if specific general recommendations can be made. Several 
persons (Winters, 1946; Hazel and Terrill, 1946; Ercanbrack, 1952; and 
Karam et a/., 1953) have investigated this problem for specific flocks or 
areas, and all have concluded that lamb weight is considerably more 
important than fleece characters. This may be generally true in the 
United States. Selection indexes were developed for specific flocks and 
areas by several of the above persons as well as by Rae (1950). Since it 
is not known whether or not any of these indexes are of general applica¬ 
bility, they will not be presented here. 

Heritability of Economic Characters in Sheep. Heritability estimates 
from a number of sources for characters of economic importance are given 
in Table 68. The similarity or dissimilarity among estimates from dif¬ 
ferent breeds and flocks gives us some basis for an assumption that the 
estimates given are (1) applicable to sheep in general or (2) applicable 
only to specific flocks or breeds. Unfortunately, relatively few studies 
have been made in the Down breeds. 

Although there is variation in estimates from different breeds, weaning 
weight and weight at later ages appear to be heritable enough for selection 
to be moderately effective. Weaning weight is dependent both on the 
mothering ability of the dam and on the inherent ability of the lamb to 
grow. No reports have been made of heritability of maternal abilities. 
Selection for weaning weight should, however, exert automatic pressure 
on both direct and transmitted factors. 

Heritability of type and condition scores are relatively low in all cases, 
and it is evident that selection for them will be difficult. 

Fleece characters, including grease and clean weight and the factors of 
staple length, fineness, degree of crimping, and purity—all factors 
influencing usefulness and value—are for the most part rather high in 
heritability. 

Skin and neck folds have a relatively high heritability in flocks with a 
high incidence of wrinkling. 

Estimates of heritability of fecundity (measured by production of sin¬ 
gle, twin, triplet, or, in rare cases, larger litters of lambs) as given in 
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Table 68. Estimates of Heritability of Various Characters in Sheep 


Character 

Herit¬ 
abil¬ 
ity % 

Method used to 
estimate herit. 

Breeds used 
in studies 

Reference 


30 

Paternal half sib 

Hampshire 

Chapman and Lush (1932) 


61 

Av. of two methods* 

Av. of 5 breeds 

Nelson and Venkatchalam 





(1949) 


30 

Av. of two methods* 

Rambouillet 

Hazel and Terrill (1945) 


7 

Av. of two methods* 

Columbia. Targhee 

Hazel and Terrill (1946b) 




and Corriedale 



33 

Av. of two methods* 

Av. of 5 breeds 

Nelson and Venkatchalam 





(1949) 


34 

Paternal half sib 

Shropshire grades 

Karam el al. (1953) 




and crosses 


10-12 mo. body wt- 

36 

Dam-offspr. regr. 

Austral. Merino 

Morlcy (1955) 

Yearling body wt.. 

Weaning type score... 

40 

Intra-sire regr. 

Rambouillet 

Terrill and Hazel (1943) 

o 

Av. of two methods* 

Rambouillet 

Hazel and Terrill (1946a) 

■fl 

Av. of two methods* 

Columbia. Targhee, 

Hazel and Terrill (1946b) 




and Corriedale 


Yearling type score.... 

12 

Intra-sire regr. 

Rambouillet 

Terrill and Hazel (1943) 

14 

Intra-sire regr. 

Romney Marsh 

Rae (1950) 

ntanhArrco wt. ■••••• 


Dam-offspr. regr. 

Austral. Merino 

Morley (1955) 


31 

Dam-offspr. regr. 

Romney Marsh 

Rae (1950) 


43 

Dam-offspr. regr. 

Av. of 3 breeds and 

All (1952) 


38 

Intra-sire regr. 
Dam-offspr. regr. 

crosses 

Rambouillet 

Terrill and Hazel (1943) 
Morley (1955) 

Clean-neece .. 

47 

Austral. Merino 

Per cent yield of clean 





. . a.it i | M t t 1 • f 

39 

Dam-offspr. regr. 

Austral. Merino 

Morley (1955) 

Fleece suple length: 



Weaning.. 

40 

Av. of 2 methods* 

Rambouillet 

Hazel and Terrill (1945) 


43 

Av. of 2 methods* 

Columbia. Targhee 

Hazel and Terrill (194flb) 




and Corriedale 


239 days of age. 

49 

Paternal half sib 

Shropshire grades 

Karam el al. (1953) 



and crosses 


Yearling or 

35 

Dam-dau. regr. 

Romney Marsh 

Rae (1950) 

Mature ...••••••••• 

58 

Dam-offspr. regr. 

Austral. Merino 

Morley (1955) 

Fleece hneness: 



27 

Dam-dau. regr. 

Romney Marsh 

Rae (1950) 

Crimps per inch. 

Fleece quality. 

47 

Dam-offspr. regr. 

Austral. Merino 

Morley (1955) 

22 

Dam-dau. regr. 

Romney Marsh 

Rae (1950) 

linirneas........ 

63 

Dam-dau. regr. 

Romney Marsh 

Rae (1950) 

Birth-coat grade. 

80 

Dam-offspr. regr. 

Austral. Merino 

Morlcy (1955) 

Face-covering score.... 

M ' Ml 

Av. of 2 methods* 

Rambouillet 

Terrill and Hazel (1946) 

46 

Av. of 2 methods* 

Columbia. Targhee 

Hazel and Terrill (1946c) 




and Corriedale 



61 

Paternal half sib 

Shropshire grades 

Karam el al. (1953) 




and erosses 


Skin folds: 





Bodv.............. 

51 

Av. of 4 methods 

Rambouillet 

Jones el al. (1946) 


50 

Dam-offspr. regr. 

Austral. Merino 

Morley (1955) 

Neck. 

39 

Av. of 2 methods* 

Rambouillet 

Terrill and Hazel (1946) 


8 

Av. of 2 methods* 

Columbia. Targhee 

Hazel and Terrill (1940c) 




and Corriedale 


No. functional nipples. 

22 

Intra-sire regr. 

Grades of mixed 

Phillips el al. (1945) 



breeding 


Fecundity... 

10-15 

/ Paternal half sib 

i Shropshire. Cheviot. 
< and Swedish 

Johansson and Hansson 


| dam-dau. regr. 

l Landrace 

(1943) 

Seasonal date of 

46 

Paternal half sib 

Southdown and 

Ky. Ann. Rpl. (1953). p. 

lambing. 



Hampshire 

38. and Dutt (personal 

Seasonal dato of 



com.) 

lambing... 

M 

Dam-dau. regr. 

Southdown and 

Dutt (personal com.) 


Hampshire 


* Paternal half-sib correlation and regression of offspring on dam. 
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Table 68 are very low. Other reports not giving direct heritability esti¬ 
mates are somewhat contradictory (see review by Reeve and Robertson, 
1953), but none overthrow the generalization of low heritability. Two 
experiments have been reported (Kiser and Christgau, 1940, and Rpt. 
N.Z. Dept. Agr., 1954, pp. 37-38) in which ewe flocks were divided into 
high- and low-fertility groups on the basis of past production of twin 
and single lambs, respectively. In both cases the initial divisions 
resulted in subsequent differences in average fertility, apparently due to 
a tendency for ewes to repeat their previous performance. The effect of 
selection on fertility of later generations in both experiments is question¬ 
able, although reports have not been made for a long enough period of 
years in either case to provide conclusive evidence. Thus, in spite of 
the economic value of twins under many conditions and the fact that 
apparent breed differences in fecundity provide presumptive evidence of 
hereditary influences, available evidence does not encourage major atten¬ 
tion to this factor in breeding programs. 

Three factors limit the time at which ewes will settle for the produc¬ 
tion of late-fall or early-winter lambs. Ewes of most breeds have a 
limited breeding season and do not exhibit estrus during the spring and 
summer months. There is evidence that the conception rate of ewes 
that do experience estrus and ovulation during these times may be low. 
Rams often produce semen of low quality during the summer months, 
presumably as a direct result of high summer temperatures. Breed dif¬ 
ferences are known to exist for at least the first and third of these fac¬ 
tors, but little is known about their heritability or even their relative 
importance in limiting the production of early lambs. Using records of 
the Kentucky Hampshire and Southdown flocks accumulated over a 
22-year period, Dutt (Ky. Ann. Rpt., 1953, p. 38) estimated heritability 
of date of lambing as 46 per cent by the paternal half-sib correlation 
method and 30 per cent from daughter-dam regressions. Repeatability 
of date of lambing was 0.43. On the basis of these results it was stated: 
“The repeatability figure and heritability estimates together indicate 
that effective progress could be made for earlier seasonal lambing by 
selective breeding/' 

Selection experiments aimed at increasing the ability to produce early- 
season lambs are under way in at least three state experiment stations. 

In a breeding program intense selection should first be practiced for 
traits which are economically important and highly heritable. Progress 
should be rapid in this phase of the breeding program; and after desirable 
levels of performance have been attained for these characters, attention 
can be turned to other, less heritable traits, where progress can be expected 
to be slower but nevertheless important once it is attained. 

Genetic Correlations. The possibility of the existence of genetic 
antagonisms which would limit or slow progress in breeding programs 
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where selection must be made concurrently for several factors has been 
explored in a limited number of flocks. Morley (1955), working with 
Australian Merinos, found negative genetic correlations large enough to 
limit genetic improvement between crimps per inch (an indication of 
fiber fineness) and both clean-fleece weight and staple length. Other 
possibly important negative genetic relationships were observed between 
staple length and body weight. Rae (1950) observed similar negative 
genetic correlations between count (also a measure of fineness) and staple 
length and fleece weight in Romney Marsh sheep in New Zealand. 
Ercanbrack (1952) observed genetic antagonisms between staple length 
and weaning weight and between weaning weight and freedom from folds 
or wrinkles in Rambouillet, Columbia, and Targhee flocks. A few other 
observations (see Karam et al. t 1953) have indicated negative but rather 
low genetic relationships between staple length and body weight. 

It is believed that none of these relationships are intense enough 
to prevent progress. Rather, they will slow progress as compared 
with what could be accomplished if each trait were being selected for 
separately. 

As with other classes of livestock, observation indicates that selection 
has been effective over the years in modifying type and productivity in 
sheep. Numerous examples, including the work of Neale (1946) in 
selecting for staple length in Rambouillets and the work of Warwick 
et al. (1949) in selecting for resistance to stomach worms, can be cited 
to show the possibilities. The work of Neale is unique in that he selected 
only for staple length—a very important trait in fine-wool sheep under 
New Mexico conditions—and made considerable progress without observ¬ 
ing deterioration in other traits. 

Terrill, in a study of data from the Western Sheep Breeding Labora¬ 
tory, compared the amount of progress actually made for several traits 
in Rambouillet sheep during the period 1940-1948 with the genetic prog¬ 
ress expected. The latter was calculated by comparing the averages of 
the animals born in each year which later became parents (suitably 
weighted for number of offspring produced) with the average of all sheep 
bom in that year. These selection differentials were divided by the 
average age of parents and multiplied by the heritability of the trait 
being studied in order to give an estimate of expected annual genetic 
progress. 

In evaluating his results we must keep in mind that trends in environ¬ 
mental conditions could have been responsible for some of the observed 
trends in productivity. Yearling fleece weights, weaning body weights, 
and weaning body scores for condition all trended slightly downward in 
average merit in spite of positive selection for improvement. Improve¬ 
ment was shown in staple length, type scores, face-covering scores, and 
neck-fold scores. An index based on the above items, and thought to 
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reflect all-around merit, is used as the basis for selecting breeding ani¬ 
mals in this flock. The average index has increased during the period of 
this study almost as much as would be expected, and Terrill concluded 
that the average merit of the sheep in the flock improved. 

Individual performance and family averages in production are the 
basic items upon which selection in sheep must be based. This follows 
from the facts ( 1 ) that although some culling of breeding animals may 
be practiced on the basis of the first lamp crop or two, they must initially 
be selected for use in a flock upon the basis of their own and relatives’ 
performance; and (2) that even if a progeny-testing program is followed 
with prospective stud rams before they are used in the main flock, only 
a small percentage of the most promising rams can be progeny-tested. 
These must be selected on the basis of individual and family performance. 

An organized program in which prospective stud rams are progeny- 
tested in an auxiliary flock prior to being used in the main flock can be 
useful under certain conditions. Dickerson and Hazel (1944) concluded 
that a program of progeny-testing yearling rams and using the best ones 
in the main flock as two-year-olds or three-year-olds should increase prog¬ 
ress by about 20 per cent and 5 per cent for weaning and yearling traits, 
respectively, with characters having heritabilities as low as 10 per cent. 
I* or characters with heritabilities of 30 per cent, progeny testing would 
be expected to increase progress slightly for traits which could be meas¬ 
ured at weaning age, but would be expected to decrease progress for those 
traits which could not be measured until yearling age. This latter situa¬ 
tion occurs because of the additional year which it takes to evaluate year¬ 
ling characters of the progeny. 

Morley (1952), using genetic estimates from Australian Merinos, con¬ 
cluded that little gain was likely from a progeny-testing program for 
selecting rams as compared with optimum use of individual and family 
selection with heritabilities of 0.3. With heritabilities of 0.6 progeny 
testing might decrease progress. His calculations assumed that rams 
would be 18 months of age when first used. 

Progeny testing would have its greatest potential usefulness in selecting 
for traits with low heritability and under conditions where rams can be 
progeny-tested as lambs and the best-performing ones used in the main 
flock as yearlings. 

Western Sheep Breeding Laboratory. The largest and most highly 
organized project devoted to sheep-breeding research in the United States 
is the Western Sheep Breeding Laboratory established at Dubois, Idaho, 
in 1937. It has operated since that time under the guidance of Directors 
J. E. Nordby and C. E. Terrill. It is utilizing the facilities developed by 
the Bureau of Animal Industry Sheep Experiment Station, which was 
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organized at Dubois in 1917, and in addition the experiment stations of 
the eleven Western states and Texas are cooperating. 


The main objective of the program is the improvement of sheep through breed¬ 
ing. The improvement is measured by the application of utility standards as 
they concern commercial production under ranching conditions. Production is 
measured on the basis of wool yield, and in pounds of lamb of the desirable type 
and finish. Obviously, the staple length and the quality and uniformity of 
fibers, as well as the shrinkage, are important factors that are studied with the 
yield of wool. All useful type characteristics that influence lamb production, 
ranch adaptability, and general serviceability are closely integrated in the 
improvement program. Under ranching conditions at relatively high altitudes, 
where winter storms are frequently severe, the objectives in sheep improvement 
must also include a consideration of those characteristics in a fleece that protect 
the sheep against weather extremes. The fleece must be relatively long and 
“lofty” as well as dense and must hold together along the topline and cover well 
the underline. 1 


Attention in selection is being given to both meat and wool production 
but with meat qualities emphasized somewhat more than those relating 
to wool. 


Besides we are interested in the mature fo rm of mutto n sheep on the basis of 
its value for producing the right kind of market and feeder lambs, and replace¬ 
ment ewes. While obviously the mature size, form, and fleshing quality of a 
sheep are important, the ranchman is perhaps fully as concerned with weight, 
form, and fleshing qualities at the time of w eaning the lamb, because it is at this 
time that weight and form, but principally fleshing, will determine if the lamb is 
a market lamb or a feeder lamb. The milking quality in ewes is observed just 
a fter lam bing, and this is further checked in their ability to produce vigorous and 
fleshy lambs. In the selection progr am, therefore, much emphasis is placed upon 
the finish in lambs at the time of weaning. Due consideration is given to twins 
in this connection. Stud ram prospects are scored carefully for market qualities 
at weaning, because a jam la mb that has the acceptable growth, ruggedness, form 
and finish at weaning time is probably more apt to be a potential sire of lambs of 
the same kind than is a more slowly maturing ram that does not develop these 
qualities before he is more mature. V igor is an essential quality in the selection 
of ranch sheep. Some ewes, and rams also, "wear” uniformly well under heavy 
service until they are seven or even eight years of age. Others begin to decline 
early in life and are on the “cull” list at five or before.* 

Selection is being practiced against too-heavy face covering that might 
lead to wool blindness and also against heavy skin folds. 

1 From mimeographed statement on the Western Sheep Breeding Laboratory and 
the U.S. Sheep Experiment Station by Julius E. Nordby. 

* Ibid . 
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Work is being done with the Rambouiilet, Columbia, and Targhee 
breeds, with a few other breeds being used in certain studies and in test 
crosses Inbreeding is being done with about 30 Rambouiilet lines and 
8 to 10 lines of each of the other two breeds being in process of formation 
Non-inbred control stocks in which the same type of selection is practiced 
as in the inbreds are also being carried to see whether the greatest progress 
can be made with or without inbreeding. 

Many publications on factors associated with productivity in sheep 
methods of evaluating breeding animals, heritability of various traits' 
and other things about which information is needed in properly carrying 
out a research program in sheep breeding have already come from the 
laboratory. Many of these have been referred to in this chapter. 

Since 1946 the Laboratory has been selling surplus rams at auction, 
with performance records being available to buyers. Analysis of sale 
records (Terrill, 1953) indicates that buyers attach real importance to 
production traits such as body weight, fleece weight, and mutton con¬ 
formation in determining the price they will pay for a given ram. 
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The popular name “mortgage lifter,” often given the hog, is indicative 
of the fact that hog production is, over a period of years, likely to be a 
moderately profitable enterprise with fewer speculative hazards than are 
often encountered in other forms of livestock production. The hog is a 
more efficient converter of nutrients into human food than either sheep 
or beef cattle. It should be remembered, however, that the greater part 
of the hog’s diet must be in the form of concentrates which are ordinarily 
more expensive than the roughages consumed by cattle and sheep. 

Type in Swine. Over the years selection in hogs has been complicated 
by many type changes. Fashions in hog type have undergone more 
changes during the past 50 years than has been true of any other class of 
livestock. Since United States hog markets have usually paid for hogs 
of the same weight at about the same rate, regardless of type, and since 
there has been no concerted effort until recently to change this situation, 
it is difficult to find rational reasons for the shifts. Some have ascribed 
them to fluctuations in demand for lard. It is true that through 1920 
lard was in demand as an export item, and this, together with a strong 
demand in the United States itself, tended to keep lard prices strong in 
relation to other pork products. During this period emphasis was on 
production of thick-fat-type hogs yielding large amounts of lard. During 
the period between the First and the Second World War export demand 
for lard declined greatly, and hydrogenated vegetable fats began to com¬ 
pete successfully with it. Coincidental with this lessening demand, pop¬ 
ular ideas of swine type swung toward a long, lean, upstanding type. 
This extreme type was losing its popularity prior to World War II alleg¬ 
edly because it came into disfavor with feeders. During and immediately 
following World War II demand for lard was again high, and for a number 
of years breeders tended to select for extreme thickness and fatness. In 
recent years demand for lard has been low, and selection is again for swine 
types producing less lard. Concerted efforts are being made by breed 
associations, extension personnel, and other groups connected with the 
swine industry to use research findings to guide the selection toward true 
meat type and to avoid extreme fluctuations in the future. 
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Although changing hog types are, to a certain extent, probably based 
economic trends in the prices of the various products, it is true that, 
uP ce a shift in hog type has started, the tendency has been for it to become 
0l fad and go too far. This has led some to feel that extreme shifts in type 
h ve been due principally to competition between breeders to have some¬ 
thing the other fellow did not have, i.e., to make his competitor dissatisfied 

th what he had so he would come and buy. Regardless of the basic 
cause, this has undoubtedly been a strong factor in leading to harmful 

^ThT position an individual breeder should take if some fad he knows 
to be uneconomic should sweep his breed is a question for thought. 
Should he follow the fad in order to produce animals for which there is 
an immediate market, or should he make the present financial sacrifice of 
staying with an unpopular but basically better type? That this is not a 
hypothetical situation is illustrated by the story of Peter Mouw, of Orange 

City, Iowa. . , _ 

During the period around 1900, particularly during the few years imme¬ 
diately following the turn of the century, the Poland China breed of hogs 
was swept by the so-called “hot-blood” craze, in which selection was for 
an extremely small, short-legged, refined, early-maturing type of hog. 
Mr. Mouw and a few other breeders believed this to be a basically unsound 
type of hog and continued to produce a more rugged “big type” which 
was often the subject of ridicule at the shows. The tide finally turned, 
however, and almost overnight these hogs became the most popular in 
the breed. In this case adherence to an ideal paid off with a small 
fortune to Mr. Mouw. 

In most breeds certain colors or certain types of ear, shape of snout, and 
so on, serve as trademarks for the breed and as such are of value. Most of 
them' however, are not related in any way to productive value. In some 
cases'they are a problem because animals in the breed do not breed true 
for them, and many otherwise outstanding animals have to be sent to the 
butcher because they do not conform in some minor detail to the breed 
standard. The amount and distribution of white in breeds with white 
color markings is very low in heritability, and it is extremely difficult to 
get animals that will breed true for a rigid pattern of color. Discarding 
these animals automatically lowers the intensity of selection for other 
characters of productive importance and cannot help but be a disadvan¬ 
tage to the breed. A statement several years ago by the late E. M. 
Harsch, secretary of the Hampshire Swine Registry Association, in which 
he said that “a few white hairs on the hind leg or a black spot the size of 
a dime in the belt is truly a long ways from a pig’s heart ” seems to express 
a common-sense attitude toward minor color fluctuations. 

In addition to its relation to carcass value, type in swine is related to 
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other items of productive importance to a greater degree than is true of 
any other class of livestock. Type in swine has long been thought to be 
related to prolificacy, and the work of Zeller and Hetzer (1944) provides 
experimental evidence on the point. Herds of small-, intermediate-, and 
large-type Poland China hogs were studied. The intermediate- and large- 


Fiu. 157. Grand Champion Duron showing how ideals of type change. A bore. Wave- 
master Stilts. 1931 Grand Champion. Brlow, Top Set. first aged boar, Iowa, 1947. 
(Court,sy of United Duroc Record Association.) 
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type sows weaned litters averaging about one pig larger than those of 
small-type sows. The intermediate and large pigs were heavier at birth 
and at weaning and grew somewhat faster after weaning. Earlier work 
at the Illinois Station (Carroll el al., 1929) in which groups of weanling 
pigs of types ranging from very chuffy to very rangy were fed out, indi¬ 
cated that type was not a controlling factor in rate of gain, although there 
was a suggestion that the very chuffy types gained somewhat more slowly 
than the other types. 

These experiments seem to indicate that if maximum prolificacy and 
growth rate are to be obtained in swine, a type with at least reasonable 



Fio. 158. Plan of experiment to determine the influence of plane of nutrition at different 
periods with respect to age upon growth rate and carcass composition in bacon hogs. 
(Courtesy of Dr. C. P. McMeekan and Dr. John Hammond. Cambridge University. Cam¬ 
bridge. England .) 

length of body must be bred. Fortunately this intermediate-to-long type 
of hog is also the kind required to produce carcasses high in lean meat and 
with minimum amounts of lard. 

Effects of Environment on Surine-carcass Development. In the chapter 
on Beef Cattle it was pointed out that environmental differences exert 
differential effects on the development of the various tissues in the animal 
body. One of the most vivid experimental demonstrations of this fact 
comes from a detailed study by McMeekan (1940-1941) of the growth 
and carcass composition of pigs of an inbred Yorkshire strain when fed 
from birth to a slaughter weight of 200 lb. on various feeding regimes. 
Pigs were divided at birth into two groups; one group was fed on a high 
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plane and the other on a low plane for the first 16 weeks of life. At that 
time half the pigs on each plane of nutrition were shifted to the other, so 
that four nutritional regimes resulted, namely, groups fed on (1) a high 
plane from birth to slaughter (high-high), (2) a high plane from birth to 
16 weeks and a low plane from that time to slaughter (high-low), (3) a 
low plane from birth to 16 weeks and a high plane thereafter (low-high), 
and (4) a low plane from birth to slaughter (low-low). 

It was found in this work that if the pig is grown so slowly as to be 
stunted early in life, the early growing parts of the carcass, such as the 
head, legs, and bone, and, to a lesser extent, muscle, are permanently 
reduced in size. When these animals are later put on a high plane of 
nutrition, the later developing parts, particularly fat, grow rapidly and 
result in a carcass too fat for bacon. Conversely, pigs fed from birth on 
a high plane have a rapid development of the early growing parts, and if 
later put on a low plane of nutrition, produce carcasses with a high content 
of lean. 

Ordinarily the most profitable type of swine production in the United 
States is that of full feeding from birth to market weight. Thus we need 
swine bred to lay down only the desired amount of fat under this type of 
regime. However, if market demand should be for leaner hogs than can 
be produced under full-feeding regimes with available breeds and strains, 
McMeekan’s work shows that limitation of feed intake late rather than 
early in life will be helpful in producing leaner carcasses. 

Performance in Swine Selection. From a breeding standpoint the 
following items are of primary importance in determining the efficiency 
and profitability of swine: (1) Litter size, (2) livability, (3) weight per 
pig and per litter at weaning time, (4) daily gains between weaning and 
marketing, (5) efficiency of feed conversion, and (6) body type or carcass 
desirability. 

Although greatly influenced by herdsmanship, the number of pigs far¬ 
rowed and raised and their weight at weaning time together form the 
best measures we have of prolificacy and mothering ability of sows. They 
are particularly important since they have a tremendous influence on 
profitability. On the average, a sow will have consumed a total of 1,500 
to 2,000 lb. of feed during the period between breeding and the date her 
litter is weaned. If this all has to be charged against a litter of only four 
or five pigs, the chance of eventual profit is small. In addition to number 
of pigs farrowed and raised, the weaning weight of the pigs is important 
since it has been definitely shown that the pigs which are the heaviest at 
weaning time reach market weights soonest. 

The eventual impact on the swine industry of recent developments in 
the fields of nutrition and management which permit weaning pigs during 
the first to third week of life instead of at the customary eight weeks can- 
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not be estimated with any certainty at present. Since sows ordinarily 
do not return to estrus or conceive while nursing a litter, early weaning 
permits earlier rebreeding and the production of an increased number of 
pigs per year by the sow. Also, it has been argued that the sow is an 
inefficient milk producer and that nutritionally adequate milk substitutes 
can be provided at lower cost than can sow’s milk. Apparently there are 
disease-control and management complications which have thus far dis¬ 
couraged widespread use of artificial pig-rearing systems. If this system 
should become general, however, the necessity of selecting sows for nursing 
ability would be lessened or eliminated, and more attention could be given 
to other traits. It is not impossible that artificial rearing of pigs could 
go as far as it has in poultry, where natural rearing is virtually unknown 
and where selection against broodiness has been so effective as almost to 
eliminate maternal instincts from many strains and breeds. 



Fio. 159. Influence of plane of nutrition upon rarca«s composition of bacon pigs us illus¬ 
trated by cross sections at the last rib. Pig 83. killed at 168 days of age. was maintained 
on high plane of nutrition throughout life. Pig 85. killed at 196 days of age, was changed 
to a low piano of nutrition at 16 weeks. Pig 89. also killed at 196 days, was grown on a 
low plane of nutrition the first 16 weeks. Pig 99 was maintained on a low plane of nutri¬ 
tion throughout and required 315 days to reach the standard slaughter weight of 200 lb. 

(Courtesy of Dr. C. P. McMeekan and Dr. John Hammond. Cambridge University, Cam¬ 
bridge. England.) 

Daily gain from weaning to market weight is important because the 
fast-growing pig is on hand fewer days, thus requiring less labor and fewer 
days of shelter and exposure to risk of disease. Another important con¬ 
sideration is that rate of gain and efficiency of feed conversion are related, 
the correlation having been shown in several studies to be about -f 0.70. 
With this relationship and the difficulties of keeping feed records under 
practical conditions, most breeders will be content to select for efficiency 
of feed conversion indirectly through selecting fast-gaining pigs. In 
selecting primarily for rate of gain there may be danger of selecting for 
excessive fatness, since, as discussed later, these characters may be cor¬ 
related to some degree. 

Since World War II numerous studies relating physical characteristics 
of carcasses to cut-out percentages of preferred cuts and to carcass value 
have been reported. This research has exerted much influence on our 
present concepts of what meat type should be. It is hoped that continued 
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reliance on research of this type will prevent the development of unreal¬ 
istic type fads in the future. Such studies have commonly shown 
rather great variation in cut-out value among hogs of the same weight. 
Attempts to relate carcass value to factors which can be visually appraised 
or measured in the live hog have been only partially successful. Partially 
for this reason the hog-marketing system has been somewhat slow in 
translating the demonstrated differences in carcass value into price differ¬ 
entials for live hogs. Progress is being made in this direction, however, 
and there appear to be good possibilities of continued constructive devel¬ 
opment. Even if individual producers do not receive adequate price 
incentives for the production of superior-type hogs, the general produc¬ 
tion of meat-type animals should put the entire industry in a stronger 
competitive position and result in eventual profit to all. 

Evaluating Swine Type. It is beyond the scope of this book to go into 
detail regarding type as such. Further, possible future trends in demand 
for lard or other pork products could outmode present thinking. Under 
most conditions, however, hogs with reasonable body length, so that the 
carcass length will be at least 30 inches at 200- or 225-lb. live weight, and 
with back-fat thickness around 1 1/4 to 1 1/2 inches can be expected to 
have a higher cut-out value than shorter animals. Such animals can also, 
on the average , be expected to be more prolific than shorter types, but mere 
length of body does not ensure large litters. A minimum of 12 functional 
nipples is usually thought to be desirable. Reasonable depth and plump¬ 
ness of ham, width of loin, smoothness of shoulder and side, uniform width 
from end to end, neatness and trimness in head, joints, and underline are 
qualities usually considered desirable, although objective evidence of their 
importance is not available in all cases. Soundness in feet and legs is a 
necessity. 

Unfortunately, external appearance of the live hog is an imperfect indi¬ 
cator of the relative amount of fat and lean in its carcass. In spite of 
this, live-animal grading is useful—much better than no evaluation. The 
recent development (Hazel and Kline, 1952) of a “probe” technique for 
measuring back-fat thickness in living animals represents the first step in 
actually measuring potential carcass value in an animal and still using it 
for breeding purposes. The technique is being used rather widely on an 
experimental basis. It is relatively simple, involving cutting a small slit 
in the skin in the back and thrusting a thin metal ruler down through the 
soft fat to the firmer lean and reading fat thickness directly. More 
recently Andrews and Whaley, of Purdue University, developed a device 
employing the difference in electrical conductivity of fat and lean to 
accomplish the same purpose. In using this device a special needle with 
two electrodes at the end is thrust slowly into the back until a difference 
in flow of electricity indicates that lean tissue has been reached. This 
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method is somewhat quicker and involves less tissue damage than the 
probe method, but it has the disadvantage of requiring a moderately 
expensive piece of equipment. 

Heritability of Economic Characters in Swine. As is to be expected, 
the estimates of heritability of differences in swine characters (Table 69) 
show considerable variation from study to study but do show general 
trends. The heritability of litter size at birth is evidently low, only a 
few of the estimates being over 20 per cent. Estimates of heritability of 


Table 69. Summary of Heritability Estimates for Various Characters 
of Economic Importance in Swine* 



Number of 
estimates 

Range in 
estimates, 
% 

Average of 
estimates, 

% 

Litter size at birth. 

14 

-11 to 44 

19 

Litter size at weaning. 

8 

-9 to 22 

14 

Weaning wt. of litter. 

6 

2 to 37 

17 

Pig wt. at weaning. 

5 

Oto 15 

6 

Pig wt. at 154-180 days. 

8 

7 to 36 

21 

Gain, birth to weaning. 

4 

2 to 20 

12 

Gain, 55-112 days. 

4 

28 to 51 

36 

Gain, 112-154 or 168 days. 

4 

8 to 34 

22 

Gain, weaning to 200 lb. 

2 

21 to 24 

22 

Efficiency of feed utilization. 

3 

25 to 57 

37 

Market score at slaughter. 

1 


33 

Conformation score. 

1 


20 

Type score: 




Within strains . 

1 


38 

f ? i visits ova isiiiv *••••••••••••••••••••••• 

Between strains. 

1 


92 

Carcass characteristics: 




Length. 

3 

40 to 73 

56 

Back-fat thickness. 

4 

12 to 54 

38 

Length of hind leg. 

2 

23 to 58 

40 

Yield of lean cuts. 

1 


29 






• From published sources. Many of the reports from which these estimates came will be found in 
the list of references at the end of this chapter. See Chaft (1953) for review of many studies. 


litter size at about weaning age range downward from about 32 per cent, 
indicating that this character is likewise low in heritability. Similarly, 
weaning weight of litter is apparently low in heritability. 

All estimates of the heritability of individual pig weights at 56 days of 
age are low, indicating that weight at that age is largely a function of the 
nursing ability of the sow rather than of the pig’s own genes. After 
weaning, however, the pig’s own genes evidently exert their influence, and 
heritability increases, probably to 20 or 30 per cent at 154 to 180 days 
of age. 





























502 BREEDING AND IMPROVEMENT OF FARM ANIMALS 

Heritabilities of various type and conformation scores average around 
30 per cent in studies made within breeds and where only animals of basic¬ 
ally similar types were studied. In one study where strains of distinctly 
different types were included heritability of type score was estimated at 
92 per cent. The latter figure probably explains why breeders have been 
able to alter hog types rather rapidly upon occasion in the past, while the 
figure of 30 per cent within strains indicates why further improvement 
often seems to come so slowly in a herd already fairly good. The probable 
basic reason that progress often seems discouragingly slow in such herds 
is that selection is usually for an intermediate type which is also a genetic 
intermediate. If we simplify our concept of type by considering it for a 
moment as merely a matter of length of body and leg, then it is easy to 
see that improvement in an already acceptable herd would have to come 
through reducing the frequency of animals that are either too long or too 
short rather than by changing the average length. Regardless of the 
number of pairs of genes influencing a character, selection for an inter¬ 
mediate is virtually powerless to reduce variability unless accompanied 
by intense inbreeding. Even then, as discussed in a previous chapter, 
reduced variability may not be marked. 

In order to put the foregoing heritability estimates in more practical 
terms, let us consider a hypothetical example. If the inheritance of 
several important characters were assumed to be all due to additive gene 
action, if we assume that litter size weaned, litter weaning weight, and 
180-day weight are each 20 per cent heritable, and conformation is 30 per 
cent heritable, and that we have herd averages for the various items as 
indicated, then the progress to be expected from one generation of selection 
would be as shown herewith. 



Av. of 
herd 

Selected 

indivi¬ 

duals 

Av. 

selection 

advantage 

Herita¬ 

bility 

% 

Expected 
perform¬ 
ance next 
generation 

Av. no. of pigs weaned. 

6.0 

6.6 

0.6 

20 


Av. litter weaning wt. 


198.0 


20 

183.6 

Av. individual 180-day wt... 




20 

183.0 

Av. type score*. 

5 

7 

2.0 

30 

5.6 


• Graded on a scale from 1 to 9. 1 being inferior and 9 excellent. 


The selection advantages indicated for each character are approxi¬ 
mately of the size it has been found possible to make in herds of the 
Regional Swine Breeding Laboratory when selections are made largely 
upon the basis of production records. 

The gains expected for any one character are relatively small, and even 












SELECTING SWINE 


503 


if t’iey were all attained genetically, environmental differences from year 
to year are great enough to make it difficult to know whether progress is 
being made until records have been kept for several years. 

It is also uncertain from studies to date whether the estimates of pos¬ 
sible progress are really attainable. Studies of data from the Minnesota 
Station (Damon and Winters, 1955; Fine and Winters, 1952 and 1953) 
have been interpreted as indicating that selection was effective in improv¬ 
ing performance or at least overcoming the depressing effects of inbreeding 
(see also Craft, 1953). On the other hand, recent studies of data from 
several stations participating in the Regional Swine Breeding Laboratory 
(Dickerson el al ., 1954) showed that the expected effects of selection had 
not been attained. These studies are complicated by the fact that most 
of the lines studied are being inbred, and this may be depressing perform¬ 
ance more than is realized. Too, the studies cover a period of only a few 
years. Another discouraging item in considering probable effectiveness 
of selection for litter size comes from a realization that continuous auto¬ 
matic selection for litter size has been going on for centuries without 
raising average litter size above its present modest average. 

This last point is something which has received insufficient emphasis 
in the past and thus warrants a word of explanation. To understand 
this it is necessary to differentiate between “average litter size raised’' 
per sow farrowing and “average size of litter in which raised" for the pigs 
raised. To make this clear, let us consider an actual example of a group 
of 12 litters born to gilts in an inbred line on a Purdue University farm 
in one season. 


Size of litter 
(no. of pigs raised) 

No. of 
litters 

Total no. of pigs raised 
in litters of this size 

Litter size X no. of pigs 
raised 

8 

1 

8 

64 

7 

1 

7 

49 

6 

5 

30 

180 

5 

2 

10 

50 

4 

1 

4 

16 

2 

2 

4 

8 

Totals. 

12 

63 

367 


"Av. litter size raised” per sow farrowing - 63/12 = 5.25. 

"Av. size of litter in which raised ” per pig raised = 367/A3 = 5.82. 


If a person selected breeding stock from this group of litters entirely at 
random so far as litter size was concerned, he would be making a positive 
selection of 5.82 — 5.25 = 0.57 of a pig per litter over the average of that 
generation. This is, of course, due to the fact that the larger litters have 
more pigs available. The previously mentioned Regional Swine Breeding 
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Laboratory study indicates that a high percentage of the selection 
practiced for litter size is of this automatic type. 

It is possible that in breeders’ herds animals from small litters are better 
grown than pigs in larger litters and are therefore selected for breeding 
purposes with a resultant lack of positive selection for litter size. The 
fact that there is by no means an absolute negative correlation between 
litter size and rate of development, together with the fact that many 
breeders have consciously selected for large litters, makes this seem 
unlikely. 

If, as seems likely, litter size is failing to respond to selection as rapidly 
as it theoretically should, the reason is probably due to one or a combina¬ 
tion of the following: (1) Heritability estimates may be too high, thus 
leading us to overestimate probable progress; (2) prolificacy may depend 
to a certain extent at least upon overdominance, with the best performers 
being heterozygous for a larger-than-average number of gene pairs; or 
(3) there may be a negative correlation between prolificacy and certain 
other factors, so that when we select for some of these, such as rate of 
gain, we indirectly select for smaller litters and override any actual 
positive selection we have made for litter size. 

No positive evidence for overdominance has as yet been advanced with 
swine, although Dickerson (1952) presents strong circumstantial evidence 
for its existence. 

Genetic Relationships between Traits. Dickerson and Grimes (1947) 
and Dickerson (1947) have presented convincing evidence that in the 
material with which they worked rapid gain was correlated genetically 
(1) with rapid fat deposition (r = around 0.60) and (2) with low feed 
requirements (r = 0.78). The data strongly suggested that poor suckling 
ability may be caused by the same genes responsible for rapid fat depo¬ 
sition and low feed requirements. 

Blunn and Baker (1947), working with a different herd of hogs, found 
no significant genetic correlation (actually slightly negative, r = —0.04) 
between rate of gain and carcass fatness as estimated from back-fat thick¬ 
ness. No data on feed requirements were kept in their experiment. 
Winters et al. (1949), in an experiment where rate of gain was controlled 
by limiting feed intake during certain periods in some lots, found that 
the slower-gaining lots had lower feed requirements and produced leaner 
carcasses. They rightly point out that genetically slow rate of growth 
may be quite a different thing from environmentally controlled slow 
growth. They also point out, on the basis of other data from their swine- 
breeding project, “that a high rate of gain, economy of feed utilization, 
and a quality carcass can be combined.” 

Quite aside from the experimental data on the subject, a priori reasoning 
(always a dangerous procedure!) might be taken as indicative of a nega- 
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tive relationship between maternal ability and rapid fattening. Bacon 
hogs are commonly reputed to raise larger litters than most lard breeds^ 
Likewise in cattle, no one has yet succeeded in combining the best beef 
type with maximum milking ability. 

If there is a strong negative association between rate and economy ot 
gain and maternal ability, the increased use of crossbreeding or crossing 
of inbred lines for commercial production is suggested. Dickerson (1947) 
makes the following suggestion 1 from his data: 

It suggests that maximum performance can be secured only through judicious 
crossing of different strains of swine. For example, sows of a cross that lias 
exceptionally good milking ability and prolificacy mated to boars from a strain 
that excels in rate and economy of postweaning gains would give maximum litter 
performance. 

Regardless of whether this association exists, it is far from absolute, 
and few lines or strains of hogs are being developed by selection based on 
.one character only. The economics of producing breeding stock makes 
i,t probable that a line extremely deficient in maternal ability but excep¬ 
tionally good in growth rate or vice versa could not be profitably used. 
Thus we shall have to continue selecting animals for reasonable excellence 
in till qualities. It is true, however, that existing swine breeds differ sig¬ 
nificantly in certain characteristics, some being strong in one character 
and some in another. These differences may depend upon chance fluctu¬ 
ations in gene frequency or upon the type of selection which has been 
practiced in the various breeds. As inbred lines are developed they like¬ 
wise differ from each other. Judicious crossing takes advantage of these 
differences, and evidence to date strongly suggests that maximum per¬ 
formance may be attained only by this method. An extension of this 
idea is the formation and development of lines solely, or almost solely, 
on the basis of their performance in crosses with each other. This is 
commonly termed selection for combining ability (see chapter on Cross¬ 
breeding and Linecrossing). 

In spite of the admittedly slow rate of progress usually made in select¬ 
ing swine, there is ample evidence that our present hogs show marked 
improvement in growth, fattening ability, and other characters over their 
wild ancestors, thus showing that selection can be effective in bringing 
about improvement. Likewise, the rather drastic shifts in type of 
American swine during the past half-century indicate that breeders have 
been able to select effectively for the type popular at a given time. 

Two experiments have been reported in which selection'was made for 
high and low rates of gain (Krider et a/.,) 2 and high and low efficiency in 

1 Iowa Agr. Ezpt. Sta. Res. Bid. 354, October, 1947. 

* Jour. Anim. Sri., 5:3-15, 1946. 
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feed conversion (Dickerson and Grimes, 1947). Selection was effective 
in separating high- and low-performing lines in both experiments, but 
indications were that selection was more effective for poor than for 
improved performance. 

Danish Swine Testing. The best data showing definite improvement 
in swine over a long period of years come from the records of animals fed 
out in the testing stations in Denmark as part of the swine progeny¬ 
testing system in that country. 

The Danish system of swine breeding, as summarized by Lush (1936), 
is based upon a group of state-recognized breeding centers where a high 
percentage of the boars used for commercial production in the nation are 
produced. The breeding centers are visited twice annually by a com¬ 
mittee representing farmers’ organizations and cooperative bacon fac¬ 
tories and scored for numerous items, including type and prolificacy of 
breeding stock, management and general appearance of farm, and health 
of animals. Each year the breeding centers are obligated to send to the 
testing centers enough test litters of four pigs each to average two pigs 
per sow in the herd. The test litters are fed out under standard condi¬ 
tions and slaughtered at about 200-lb. live weight. Records are kept of 
rate of gain, efficiency of feed conversion, and several carcass measure¬ 
ments and scores. 

Annual reports are issued which include the above information for each 
center. These reports are designed to serve as guides for the purchase of 
breeding stock and the establishment of breeding programs. 

The first of the testing stations was established in 1907, and, with the 
exception of an interruption during the First World War, testing has been 
continuous since then. The same basic ration has been used for the 
entire period. Litters were fed as groups for many years, but individual 
feeding was instituted a few years ago in hope of increasing effectiveness 
of selection for one or more traits. 

The following data, calculated in some cases from graphs presented by 
Lush (1936) and in other cases from graphs and figures presented by 
Clausen and Thomsen (1955), indicate some important changes which 
have taken place in the performance of Danish Landrace pigs fed out at 
the testing stations. 



1909-1910 

1924-1925 

1947-1948 

1953-1954 

Av. daily gain, lb. 

1.18 

1.32 

1.46 

1.49 

Av. feed unit9 required per unit gain. 

377 

357 

319 

303 

Av. age at 20 kg. live wt., days. 

.... 

69 

74 

77 

Av. age at 90 kg. live wt., days. 

.... 

186 

180 

181 

Class 1 bacon sides... 

.... 

40% 

90% 

90% 
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Detailed data (Clausen and Thomsen, 1955) indicate that progress in 
lowering feed requirements per unit of gain was slight durin.g the period 
1939-1950. New testing stations were built in 1950, and apparent 
increases in efficiency since then may be due at least partially to improved 
environment. The figures show that increases in rate o'/ gain while on 
test have been accompanied by increases in age at 20- kg. live weight. 
This suggests that selection for rapid gains on test may result in indirect 
selection for lowered milking ability in sows and thus for lower gains in 
pigs during the nursing period. Although rate of gain on test has 



1925-26 1930-31 1935*36 1940*41 1945*46 1950-51 

Fio. 160. Graph showing trends in carcass lenuth. hack-fat thickness, and belly thickness 
in carcasses of Danish Landraco hogs fed out. and slaughtered in testing stations in tho 
Danish swine progeny-testing program. (Redrawn from graph presented by Clausen and 
Thomsen, 1955.) 

increased by 11 per cent since 1924-1925, the decrease in age at 90-kg. 
live weight has been only about 3 per cent. In spite of this possible 
antagonism it must be remembered, however, that the decrease in age at 
90-kg. live weight represents a real gain. 

Figure 160, adapted from Clausen and Thomsen (1955), shows that 
progress has been made in increasing body length, increasing belly thick¬ 
ness, and decreasing back-fat thickness. For several years prior to 1952- 
1953 the ideal bacon carcass was considered to be 93 to 95 cm. long and 
to have a back-fat thickness of 3.4 cm.—dimensions which had on the 
average been attained. Thus little selection pressure had been put on 
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these items. In recent years, however, customers have preferred leaner 
bacon, and selection is now for carcasses 95 or 96 cm. long with back-fat 
thicknesses of 3.2 cm. The 1953-1954 results show trends in the desired 
directions, indi eating that selection is still effective for these traits. 

Regardless of whether progress is becoming slower with some traits or 
whether some traits may be somewhat antagonistic to one another, real 
progress has been made in improving the Danish Landrace hog while this 
program has been in operation. Since the reports serve only as guides 
to breeders, and si nce management of the test litters has undoubtedly 
improved over the 3 /ears (although known changes in rations or manage¬ 
ment other than the shift to individual feeding are slight), it is impossible 
to determine precisely how much of the improved performance can be 
attributed to genetic .improvement resulting from the program. 

Several other European countries and Canada have progeny-testing 
programs which are car ried on under plans more or less similar to the one 
in Denmark. 

Swine Performance-testing Programs in the United States. In the 
United States, production* testing on an organized basis has been slower 
in developing, but several programs initiated during the past 20 years 
indicate that American breeders are coming to a realization of the need 
for such procedures. Active efforts are being made to devise programs 
which will be practical with the huge hog population and under the 
management systems used in iswine production here. 

In 1938 the United Duroc Record Association initiated a program of 
“Production Registry” which i s designed to give recognition to sows 
having the ability to farrow and raise large litters and nurse them prop¬ 
erly to weaning. Recognition is aviso given to boars. Most of the other 
breed associations developed somewhat similar programs during the fol¬ 
lowing years under rules which va.ried in some particulars. In 1946 all 
the major American breed associations adopted a single set of rules which 
provided that both gilts and older sows must raise litters of at least eight 
pigs to 56 days of age and that the total weight of the litter must be at 
least 275 lb. for gilt litters and 320 lb. for litters from older sows. Pro¬ 
vision was made for additional recognition for sows producing more than 
one qualifying litter. Boars received recognition both for siring quali¬ 
fying litters and for siring daughters that produced qualifying litters. 

In recent years some associations have changed their rules somewhat, 
in some cases going to ages younger than 56 days for taking official 
weights. The purposes of the program remain the same, however. 
These programs represent a constructive start on the difficult problem of 
getting production records on purebred swine. 

The value of weaning weights as indicators of genetically influenced 
growing ability is not clear. It is an established fact that the biggest 
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pigs at weaning grow faster thereafter and reach market weights sooner 
than lighter weaning pigs. It is possible that the same genes affect the 
growth rates of pigs during the pre- and postweaning periods. However, 
available evidence indicates that weaning weight is very low in hentabil- 
ity, apparently being determined largely by the maternal ability of the 
dam. Daily gain at any stage of a pig’s life is dependent upon size 
already attained, the heavier pig making a bigger gain. Comstock el at. 
( 1942 ) found that weaning weight was correlated with rate of gain from 
weaning to 200 lb. but not with rate of gain from 50 to 200 lb. Thus 



Fio. 161. An outstanding Production Registry Duroc sow. New Era’s Type 185962. At 
the time of her death she had raised 116 pigs in 12 litters for a lifetime average of 9 2/3 per 
litter. In addition to being a PR sow she was also a noted show animal. (Courtesy of 
United Duroc Record Association.) 


the heavier pig at weaning apparently reaches market weight sooner, 
not because of inherently greater growing ability but because (1) it is 
in a more advanced phase of the growth curve at weaning and (2) it has 
already attained a greater percentage of the final weight. 

From the standpoint of the practical hog producer, however, age at 
market weight is the important consideration. Since heavy weaning 
pigs reach market weights in fewer days, selection for them may be effec¬ 
tive, even if it is more directly selection for sow maternal ability than 
for gaining ability as such. 

Some breed associations now have programs of herd testing in which 
weights are taken on all litters in the herd. This is a most constructive 
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step and overcomes the danger inherent in the PR program of selecting 
only the best litters for testing. Some breeders are now following the 
commendable practice of weighing all pigs and publishing the records 
made, be they good or bad, as a part of the pedigree in sale catalogues. 

A word of caution should be introduced against undue forcing of lit¬ 
ters because of the advertising values sometimes attached to extreme 
weight records. Records made under practical conditions will be of much 
greater value in assessing the genetic worth of animals. The primary 
purpose of PR is to reduce the number of small litters weighing less than 
275 lb. and to increase the number in the commendable range of 350 to 
450 lb. 

In 1954 and 1955 most major breed associations in the United States 
developed more inclusive performance-testing programs aimed at the effi¬ 
cient production of modem meat-type swine. The rules of the various 
associations differ in some details but in general provide for the certifica¬ 
tion of litters which meet the following standards: 

1. The litter must qualify for PR. 

2. Two pigs from the litter must be slaughtered at 180-to-230-lb. live 
weight and must have 180-day equivalent weights of 200 lb. or more. 

3. Carcasses of these two pigs must meet the following standards: 


Weight, lb. 

Loinarea, 
sq. in. (min.) 

Length, in. 
(min. and max.) 

Back fat, thickness, in. 
(min. and max.) 

180-199 

3.5 

28.5-31.5 

1 . 1 - 1.6 

200-214 

3.75 

29-32 

1.2-1.7 

215-230 

4.0 

29 5-32.4 

1.3-1 8 


Some associations do not require that the litter qualify for PR. Sires 
of at least five certified litters from different sows are given recognition 
as certified sires provided the dams are not too closely related. 

As yet PR and Certified Meat Type programs have included only a 
small percentage of American-registered swine. Too, the carcasses of 
two pigs from a litter cannot be expected to indicate with a high degree 
of accuracy the genetic values of other pigs in the litter. However, the 
programs represent constructive steps in the industry, and wide partici¬ 
pation is to be encouraged. Interested individuals can get detailed 
rules and information from their own breed association office. 

Another significant development during the past few years has been 
the organization and growth of performance-testing programs in a num¬ 
ber of states under the auspices of state extension services or local or 
state breeder organizations. Some of these programs get rather complete 
records of production on farms of cooperators, while others maintain test- 
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ing stations where samples of litters under test (usually two pigs per 
litter) are taken at weaning and fed out under standard conditions to 
market weight, with gain and efficiency records being kept in much the 
same fashion that the Danish stations operate. In some cases animals 
are being slaughtered at the end of the tests, while in others boars are 
being tested and later used for breeding. 

One of the organizations doing farm testing, the Wisconsin Swine Selec¬ 
tion Cooperative, uses the performance information to calculate an index 
for each pig in a cooperating breeder’s herd. In this organization the 


Flo. 162. King Edward 602301 PR 93 CMS. The first Certified Meat Sire in any Ameri¬ 
can swine breed. Qualified in 1954 on the basis of siring 9 certified litters averaging 9.4 
pigs raised and 490 lb. in weight at 56 days. Pigs slaughtered averaged 226 lb. at 180 days 
and produced carcasses averaging 29.6 inches in length with average back-fat thickness of 
1.4 inches and loin eyes averaging 4.68 square inches. (Courtesy of Hampshire Swine 
Registry.) 

breeder ear-notches each pig individually at birth and records litter size. 
The cooperative furnishes forms for keeping records and employs field 
men to aid the breeders in taking weights of pigs at approximately 154 
days of age. The weight records are sent to the University of Wisconsin, 
where they are adjusted to 154 days of age. An index is then calculated 
for each pig, and the records are returned to the breeder in time for him 
to use in selecting breeding stock. 

As an example of the index let us assume we have a pig—one of a litter 
of eight, all of which were raised to five months—and that this pig weighs 
175 lb. at five months: 
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1 point for each pig farrowed (up to 12). Point* 

2 points for each pig raised to 154 days. .. 16 

Total litter weight at 154 days divided by 100, (assuming the entire litter 
weighed 1,300 lb.). 13 

7/10 point for each pound over 75 lb. for the individual pig at 154 days (our 17S- 
lb. pig would be scored 100 X 7/10). 70 

Pi * Index .107 


In the fall of 1954 and the fall of 1955 the Wisconsin Swine Selection 
Cooperative held auctions of indexed boars produced by cooperators. 
Prices paid were definitely related to the index, thus showing that in 
hogs, as in other classes of stock, producers will pay for breeding stock 
with superior production records. 

Some of the organized performance-testing groups are making back-fat 
determinations on the live hogs through the use of the probe technique, 
thus obtaining some estimate of probable carcass quality in addition to 
the strictly production factors. 

Programs of the type described above are very helpful in expediting 
the necessary book work in a production-testing program. Then, too, 
they have an official standing which increases their value somewhat over 
and above the value of private records. In any event testing programs 
will do the breeder and his breed the most good if they are conscientiously 
used for selecting the most productive stock. To accomplish this it is 
necessary (1) that entire herds, not just selected individuals, be tested 
and (2) that real use be made of the records in making selections of ani¬ 
mals to be retained for breeding purposes. The use of selected records 
on a few individuals purely as promotional tools cannot be expected to 
be an effective agent for breed improvement. 

The keeping of personal records is to be urged, however, if suitable 
organized programs are not available. These records need not be elabo¬ 
rate, but they should include pedigree records on each litter, records of 
the number of pigs farrowed and weaned, and weights of the individual 
pigs at weaning (usually 56 days of age) and at some later time, prefer¬ 
ably about five months of age. Factors have been worked out by 
Whatley and Quaife (1937) and Taylor and Hazel (1955) for adjusting 
individual pig weights to 56 or 154 days of age, respectively. These 
make it possible to weigh several litters at once and convert all records 
to a standard age for use in comparing the records of various individuals. 

Factors for adjustment to the two ages are given in Table 70 for ages 
nine days each way from the standard ages. The formulas can be used 
to calculate factors for ages further from the standards, although it must 
be recognized that the accuracy of adjustment will decrease. To use the 
56-day adjustment factors it is necessary only to multiply the actual 
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weight by the proper factor. To use the 154-day adjustment factors it 
is necessary to multiply the actual weight by the multiplicative factor, 
then add the additive factor. For example, a weight of 140 lb. taken at 
146 days of age would be multiplied by 1.042 and 6.5 lb. added to the 
product to give 152.3 lb. as the adjusted 154-day weight. 


Table 70. Factors for Converting Pig Weights to Standard Ages 

of 56 and 154 Days 


Factors for converting individual 
pig weights to 56 days* 

Factors for converting individual 
pig weights to 154 daysf 

Age 

(days) 

Multiplicative 

factor 

Age 

(days) 

Multiplicative 

factor 

Additive 

factor 

47 

1.281 


1.047 

7.3 

48 

1.242 


1.042 

6.5 

49 

1 206 

it! 

1.036 

5.6 

50 

1.171 

trl 

1.031 

4.8 

51 

1.139 

149 


4.0 

52 

1.108 

150 


3.2 

53 

1.079 

151 

1.015 

2.4 

54 

1 051 

152 

1.010 

1.6 

55 

1.025 

153 

1.005 

0.8 

56 

1 000 

154 

1.000 

0 

57 

0.976 

155 

0.995 

0.8 

58 

0 954 

156 

0.990 

1.5 

59 

0 932 

157 

0 985 

2.3 

60 

0.911 

158 


3.0 

61 

0 891 

159 

0.975 

3.8 

62 

0 872 

160 

0.971 


63 

0 854 

161 

0.966 


64 

0 837 

162 

0.961 


65 

0 820 

163 

0 957 



• Calculated from formula: 


Adjusted weight — actual weight X 


41 


actual age - 15 


t Calculated from formula: 


AdjuiMd ..«h« - - 1M 

Actual age + 45 


Swine Selection Indexes. Assuming production records are being 
kept, the breeder is faced with the problem of how to evaluate them in 
selecting breeding stock for retention in the herd. How much emphasis 
should be put on weight for age, how much on litter size, how much on 
litter weaning weight, how much on body type, etc.? No one answer 
can be given to this question. Hazel (1943), in an analysis of the factors 
involved in constructing selection indexes, pointed out that the emphasis 
which should be placed upon the different characters depends upon (1) 
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the relative economic importance of the various traits, (2) the variation 
in each trait, (3) the heritability of each trait, and (4) the phenotypic 
and genetic correlations between each pair of traits. Obviously these 
constants may vary from herd to herd and even in the same herd over a 
period of time. Using data from the Iowa Station swine herd of inbred 
Poland Chinas, Hazel employed a multiple-correlation method to con¬ 
struct selection indexes. Using information on the pig’s own 180-day 
weight (W), the pig’s own conformation score at market weight (5), and 
information on litter size and weaning weight expressed as 11 productivity 
of the dam” (P), he arrived at the following index: 

I = 0.136IP - 0.2325 + 0.164P 

An apparently slightly more efficient index, including terms for the aver¬ 
age weight and score of the pigs in the litter, was constructed. Since the 
coefficients of these terms vary with the number of pigs per litter, this 
index does not lend itself well to presentation as an illustration. 

An interesting feature of Hazel’s index is the negative attention 
assigned to score. This is due to the fact that weight and score are 
phenotypically correlated, with the pigs biggest for their age also tend¬ 
ing to receive the highest scores. Thus selection for heavy pigs auto¬ 
matically selects for better type, and the type score can be discounted. 

It is not known whether the values given by Hazel would apply to 
other herds and breeds of swine. From his analysis and from other infor¬ 
mation it appears probable, however, that as long as present marketing 
practices prevail in the United States considerably more attention should 
be paid to the items measuring sow productivity and weight for age than 
should be paid to conformation. 

Applying methods similar to those used by Hazel, Bernard et al (1954), 
working with data from Wisconsin farm herds, suggested the following 
index: 

/ = -0.5Xi + 7X t - 0.02X, + 0.5X 4 

where X\ is number farrowed, X 2 is number of pigs alive at 154 days, 
X 3 is litter weight at 154 days, and X 4 is individual pig weight at 154 days. 

An almost equally effective index was found to be as follows: 

I = 4.5X2 + O. 5 X 4 

No score or type evaluation was available for inclusion in these indexes. 

Due to the approximate doubling of the generation interval, progeny 
testing (considered here in the strict sense as being the plan followed in 
which young sires are progeny-tested on outside females before being 
used in the herd) appears to be of limited usefulness with swine (see 
Dickerson and Hazel, 1944b). Progeny performance should, however, 
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be a major consideration in determining which boars to keep for use in 
a herd a second or third breeding season. Sows to be retained should be 
selected on the basis of the performance of a first litter. The number of 
pigs farrowed and weaned and their growth to weaning are largely mater¬ 
nal characters. Thus selection for them is really individual selection 
superimposed upon the family selection by which the sows were first 
selected as gilts. After weaning, the performance of a pig depends to an 
increasing extent upon its own genes. Thus selection of sows upon the 
basis of postweaning performance of a first Utter is partially progeny-test 
selection. 

Dickerson and Hazel (1944a) have arrived at the decision that maxi¬ 
mum progress can be made in a closed herd or a breed if approximately 
one-third to one-half of the sows are kept for a second litter and if a very 
few of those which performed best in their first two litters are retained 
for a third and fourth. 

Regional Swine Breeding Laboratory. General recognition of the 
problems inherent in breeding more productive swine and the need for 
cooperative effort because extensive facilities were necessary for such 
research led to the establishment of the Regional Swine Breeding Labo¬ 
ratory in 1937, with headquarters at Ames, Iowa. Ten Midwestern 
experiment stations have formal projects as part of the work of the labo¬ 
ratory. Other stations have cooperated informally. The program was 
organized on a broad basis, with all the cooperating stations having simi¬ 
lar objectives but with each having a broad latitude to investigate prob¬ 
lems in which it was most interested and best prepared to undertake. 
Dr. W. A. Craft has been director of the laboratory since its founding. 
According to Dr. Craft: 1 

The principal objectives of the program are to discover, develop, and test pro¬ 
cedures of breeding and selection which may be used by hog producers to speed 
the improvement of hogs in performance; to investigate precisely the usefulness 
of inbred lines for improving breeding value of the pure breeds and for use in 
pork production; to enlarge knowledge concerning the genetic effects of inbreed¬ 
ing, and the inheritance of characters; and to evaluate and demonstrate applica¬ 
tion of such knowledge in swine breeding. Points emphasized in the investiga¬ 
tions include productiveness of sows, vitality of pigs, growth rate, economy of 
gains, and desirability of carcasses. 

The laboratory has made extensive research contributions, and much 
of the material on effects of inbreeding and crossing of inbred lines, her- 
itabihty of performance characters, selection, and the formation of new 
breeds from crossbred foundations discussed in this book is based on 
swine-laboratory results. The work of the laboratory is having an 


1 U.S. Dept. Agr. Cir. 916, 1953. 
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increasingly important effect on breeding practices among the nation’s 
swine producers. 
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APPENDIX 

Purebred Livestock Registry Associations 


The following list of livestock record associations is printed through the courtesy of 

Mr. Allan C. Atlason, Secretary of the American Shorthorn Breeders' Association. 

Beef and Dual-purpose CalUe 

American Aberdeen-Angus Breeders' Association, 3201 Frederick Boulevard, St. 
Joseph, Mo., Frank Richards, Secretary. 

American Belted Galloway Cattle Breeders Association, 361 Southlawn Avenue, Fast 
Lansing, Mich., Charles C. Wells, Secretary. 

American Brahman Breeders' Association, 1208 Louisiana Street, Houston 2, Tex., 
Harry P. Gaydcn, Executive Secretary. 

American Brangus Breeders’ Association, P.O. Box 349, Vinita, Okla., Raymond Pope, 
Secretary. 

American Charbray Breeders Association, 111 West 4th Street, Weslaco, Tex., 
Mildred D. Gloss, Secretary. 

American Charolaise Breeders Association, 841 First National Bank Building, 
Houston, Tex., Mrs. Quinta Arrego, Secretary. 

American Devon Cattle Club, Inc., Agawam, Mass., Kenneth Hinshaw, Secretary. 

American Galloway Breeders Association, 361 Southlawn Avenue, East Lansing, 
Mich., Charles C. Wells, Secretary. 

American Hereford Association, Hereford Drive, Kansas City 6, Mo., Paul Swaffar, 
Secretary. 

American Kerry and Dexter Club, Decorah, Iowa, Daisy Moore, Secretary. 

American Polled Hereford Breeders Association, 1110 Grand Avenue, Kansas City 6, 
Mo., Don Chittenden, Secretary. 

American Polled Shorthorn Society, Union Stock Yards, Chicago 9, III., Emily Krahn, 
Secretary. 

American Scotch Highland Breeders Association, Double X Ranch, Belvidere, S. Dak., 
Mrs. Lyndall Berry, Secretary. 

American Shorthorn Breeders Association, Union Stock Yards, Chicago 9, III., 
Allan C. Atlason, Secretary, 7 Dexter Park Avenue. 

Pan American Zebu Association, P.O. Box 268, Cotulla, Tex., Roy G. Martin, Secre¬ 
tary. 

Red Poll Cattle Club of America, 3275 Holdredge Street, Lincoln 3, Nebr., Louis E. 
Stephenson, Secretary. 

Santa Gertmdis Breeders' International, P.O. Box 1373, Kingsville, Tex., R. P. 
Marshall, Secretary. 

The American Milking Shorthorn Society, 313 South Glenstone Avenue, Springfield, 
4, Mo., W. E. Dixon, Secretary. 
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Dairy CaUU 

American Guernsey Cattle Club, 70 Main Street, Peterborough, N. H., R. D. Stewart 
Secretary. 

American Jersey Cattle Club, 1521 East Broad Street, Columbus 15, Ohio, Floyd 
Johnston, Secretary. 

American Red Danish Cattle Association, Fairview, Mich., Clifford H. Shantz, 
Secretary. 

Ayrshire Breeders’ Association, Brandon, Vt., Chester C. Putney, Secretary. 

Brown Swiss Cattle Breeders’ Association, 800 Pleasant St., Beloit, Wis., Fred S. 
Idtse, Secretary. 

Dutch Belted Cattle Association of America, 2235 Lebanon Road, Nashville, Tenn., 
R. F. Litsey, Secretary. 

Holstein-Friesian Association of America, Robert Rumler, Secretary, 1 South Main 
Street, Brattleboro, Va. 

Draft Horses 

American Shire Horse Association, 504}$ Grand Avenue, Des Moines 9, Iowa, E. F. 
Fox, Secretary. 

American Suffolk Horse Association, Clinton, N.J., L. B. Wescott, Secretary. 

Belgian Draft Horse Corporation of America, Wabash, Ind., Blanche A. 8chmalzricd, 
Secretary. 

Clydesdale Breeders’ Association of the United States, Goff Building, Clarksburg, 
W. Va., Nathan Goff, Secretary. 

Percheron Horse Association of America Mrs. Anne Brown, Secretary. Route 1, 
Fair Oaks, Ind. 

Light Horsts 

American Albino Horse Club, White Horse Ranch, Naper, Nebr., Ruth E. White, 
Secretary. 

American Cream Horse Association, Hubbard, Iowa, Mrs. Raymond Topp, Secretary. 

American Hackney Horse Society, Room 1737, 42 Broadway, New York, 4 N.Y., 
Mrs. J. Macy Willetts, Secretary. 

American Quarter Horse Association, 2736 West 10th Avenue, Amarillo, Tex., 
Raymond D. Hollingsworth, Secretary. 

American Saddle Horse Breeders’ Association, 929 South Fourth Street, Louisville, 3, 
Ky., C. J. Cronan, Jr., Secretary. 

Appaloosa Horse Club, R. 3, Moscow, Idaho, George B. Hatley, Secretary. 

Arabian Horse Club Registry of America, 111 West Monroe Street, Chicago 3, Ill., 
Frank Watt, Secretary. 

Cleveland Bay Society of America, White Post, Va., A. Mackay Smith, Secretary. 

Morgan Horse Club, 90 Broad Street, New York 4, N.Y. F. B. Hills, Secretary. 

Morocco Spotted Horse Co-operative Association of America, Greenfield, Iowa, 
LeRoy Fritz, Secretary. 

Palomino Horse Association, P.O. Box 446, Reseda, Calif., William M. Beanland, 
Secretary. 

Palomino Horse Breeders of America, P.O. Box 82, Mineral Wells, Tex., Dr. A. Arthur 
Zappe, Secretary. 

Tennessee Walking Horse Breeders Association of America, P.O. Box 87, Lewisburg, 
Tenn., Miss Syd Houston, Secretary. 

The Jockey Club Thoroughbred Registry, 250 Park Avenue, New York 17, N.Y., 
Marshall Cassidy, Executive Secretary. 
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The United States Trotting Association, 1349 East Broad Street, Columbus 5, Ohio, 
Ken McCarr, Registrar. 

Ponies 

American Shetland Pony Club, 518 East Dubail Avenue, South Bend 14, Ind., Mrs. 
Mary Catherine Lean, Secretary. 

Welsh Pony Society of America, 409 West Engineering Building, University of Michi¬ 
gan, Ann Arbor, Mich., Frank H. Smith, Secretary. 

Jacks and Jennets 

Standard Jack and Jennet Registry of America, R.F.D. 2, Lexington, Ky., G. W. 
Davis, Secretary. 

Sheep 

American Cheviot Sheep Society R.F.D. 3, Oneonta, New York, N.Y., Katherine 
Turrell, Secretary. 

America n Corricdale Association, 108 Park Hill, Columbia, Mo., Rollo E. Singleton, 
Secretary. 

American Cotswold Record Association, Sigel, Ill., C. P. Harding, Secretary. 

American and Delaine-Merino Record Association, 208 Palmer Building, Wooster, 
Ohio, Don S. Bell, Secretary. 

American Hampshire Sheep Association, 72 Woodland Avenue, Detroit 2, Mich., 
Mrs. Helen Tyler Belote, Secretary. 

American Oxford Down Record Association, Eaton Rapids, Mich., C. E. Puffenberger, 
Secretary. 

American Rambouillet Sheep Breeders’ Association, 2709 Sherwood Way, San Angelo, 
Tex., R. O. Harlow, Secretary. 

American Romney Breeders’ Association, 214 Wittycombe Hall, Corvallis, Ore., 
H. A. Lindgren, Secretary. 

American Shropshire Registry Association, P.O. Box 678, Lafayette, Ind., Charles F. 
Osborn, Secrotary. 

American Southdown Breeders’ Association, 212 South Allen Street, State College, 
Pa., W. L. Honning, Secretary. 

American Suffolk Sheep Society, Moscow, Idaho, Mary Ellen Brood, Secretary. 
Black-top Delaine-Merino Sheep Breeders’ Association, R. 2, Dexter, Mich., Robert 
Mast, Secretary. 

Black Top and National Delaine-Merino Sheep Association, 286 Beech Street, Mdse, 
Pa., I. Y. Hamilton, Secretary. 

Columbia Sheep Breeders’ Association of America, P.O. Box 315, Logan, Utah, Mr. 
Alma Esplin, Secretary. 

Continental Dorset Club, Hickory, Pa., J. R. Henderson, Secretary. 

Karakul Fur Sheep Industry, Friendship, Wis., Mrs. Alta H. Robertson, Secretary. 
Montadale Sheep Breeders Association, 61 Angelica Street, St. Louis 7‘ Mo., E. H. 
Mattingly, Secretary. 

National Karakul Fur Sheep Registry of America, 4241 Lapeer Road, Metamora, 
Mich., Frank Perry, Secretary. 

National Lincoln Sheep Breeders Association, West Milton, Ohio, Ralph 0. Shaffer, 
Secretary. 

National Suffolk Sheep Association, P.O. Box 324, Columbia, Mo., Mrs. Ruth Day, 
Secretary. 

National Tunis Sheep Registry, R. 5, Fulton, New York, Ralph E. Owen, Secretary. 
Romeldale Sheep Breeders’ Association, Winters, Calif., A. T. Spencer. Secretary. 
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Texas Delaine-Merino Record Association, Brady, Tex., George H. Johanson, Secre¬ 
tary. 

U.S. Targhee Sheep Association, P.O. Box 72, Bozeman, Mont. 

United Karakul Registry, 3463 North Verdugo Road, Glendale 8, Calif., Mrs. May 
Cook, Secretary. 

Goals 


American Angora Goat Breeders’ Association, Rocksprings, Tex., Mrs. Thomas I, 
Taylor, Secretary. 

American Goat Society, Mena, Ark., R. D. Weis, Secretary. 

American Milk Goat Record Association, P.O. Box, 30, Elyria, Ohio, R. W. Soens 
Secretary. ' 

Swine 


American Berkshire Association, 601 West Monroe Street, Springfield, III., Willard D. 
Britton, Secretary. 

American Spotted Poland China Association, Moberly, Mo., Van G. Sutliff, Secretary 
American Yorkshire Club, Lafayette, Ind., Marlon Gannon, Secretary. 

Breeders’ Chester White Record Association, Coin, Iowa, James M. Henderson. 
Secretary. 

Chester White Swine Record Association, 116 East 8th Street, Rochester, Ind., Levi P. 
Moore, Secretary. 

Hamsphire Swine Registry, 1111 Main Street, Peoria, III., It. L. Pemberton, Secretary. 
Inbred Livestock Registry Association, Room 8, Livestock Pavilion, University Farm, 
St. Paul 1, Minn., L. M. Winters, Secretary. 

Kentucky Red Berkshire Swine Record Association, 303 Stanford Street, Lancaster. 
Ky., Hogan Tenter, Secretary. 

National Hereford Hog Record Association, Milo, Iowa, A. L. Hyzer, Secretary. 
National O.I.C. Swine Record Association, R. 1, Brookvillc, Ohio, Mrs. Jane Rope, 
Secretary. 

National Mule Foot Hog Record Association, DeGraff, Ohio, G. C. Krcglow, Secre¬ 
tary. 

National Spotted Poland China Record Association, 3153 Kenwood Avenue, Indian¬ 
apolis 8, Ind., Fred L. Obenchain, Secretary. 

O.I.C. Swine Breeders’ Association, Goshen, Ind., Harry C. Miller, Secretary. 

Poland China Record Association, 501 East Losev Street, Galesburg, III., C. W. 
Mitchell, Secretary. 

Tamworth Swine Association, Hagerstown, Ind., Ralph H. Waltz, Secretary. . 
United Duroc Record Association, Duroc Building, Peroria 3, Ill., R. E. Judd, 
Secretary. 
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Abnormalities, 285-289 
cause of, 285 
congenital, 292 
genital, 132 
inbreeding and, 318 
minor, 291 
in ovulation, 150 
Abortion, 56, 82 
brucellosis and, 123 
causes of, 101, 136-137 
equine, 125 
lactation and, 111 
leptospirosis and, 124-125 
milk secretion and, 99 
nutritional deficiencies and, 126 
trichomoniasis and, 124 
vibriosis and, 123-124 
Acquired characters, 291 
ACTH (adrenocorticotropic hormone), 
114 

Adrenal gland, 113-114 
Adrenalin, secretion of, 113 
Afrikander cattle, 452 
Afterbirth (see Placenta) 

Age, body conformation and, 445-446 
breeding and, 147-148 
calving and, 148 
culling and, 424 
lambing and, 154 
litter size and, 152 
milk production and, 405, 407-411 
ovulation and, 60 
pig weight and, 512-513 
testis function and, 36-37 
and weaning weight of calves, 459- 
460 

Agriculture, 1 
early American, 15 
Albinism, 185-188 
Allantois, 92-93 
Alleles, 182 
multiple, 186-189 
Almquist, J. O., 74, 78, 81 
American Beef Cattle Performance Regis¬ 
try Association, 454 


American and Delaine Merino Record 
Association, 473 

American Hereford Association, 448 
American Jack, 349 
Amnion, 92-93 
removal of, 108 
rupture of, 107 
Anatomy, comparative, 7 
of female reproductive system, 46-64 
of male reproductive system, 24-45 
Anaxagoras, 2 
Anaximander, 2 
Androgens, 33, 130 
functions of, 34 
A nest r us, 59 

Angus cattle, 103, 148, 264, 294, 353, 363- 
365, 367, 395, 451, 456 
Animal husbandry, 1, 14-16 
Animals, domestication of, 8 
homeothermic, 39 

Anterior pituitary gland, 36, 39, 56, 59 
Anthropoids, 4 
Anxiety 4th Herefords, 389 
Aristotle, 2 

Arlington Long-Wool sheep, 471, 473 
Artificial insemination, 62, 70-71, 73, 135, 
141-142, 144, 147-148, 157, 414 
advantages of, 161, 163 
and breeding efficiency, 160 
bulls in, 433-430 
collecting semen for, 164-168 
cost of, 162 

of dairy cattle, 425, 427, 432 
definition of, 160 
disadvantages of, 1G3-164 
equipment used for, 167 
evaluation of semen for, 76 
future of, 178-179 
growth of, in United States, 434 
history of, 160-161 
lethal genes and, 285-286 
of mares, 173 
methods of, 171-174 
problems in, 176 
purpose of, 168 
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Artificial insemination, of sows, 173-174 
sperm survival and, 72 
Artificial-insemination associations, 161 , 
163, 174-176 

Artificial respiration after parturition, 
108 

Artificial vaginas, 164-166 
Ascheim-Zondek test, 96 
Asexual reproduction, 26 
Atavism, 291-292 
Atresia, 50 

Australia, sheep breeding in, 476 
Australian Merino sheep, 487, 489-490 
Autosomes, 192,- 274, 276-277, 281 
Ayrshire cattle, 194, 222, 231, 296, 402, 
432, 438-440 

production records for, 408-411 

Babcock, H. E., 22 
Bacteria, 24 
Baer, K. E. von, 28 

Bake well, Robert, 16, 319, 391, 444, 474 
Barry, Martin, 66 
Bates, Thomas, 319, 388 
Bateson, William, 198-200, 223 
Beef cattle, breeding of, 19, 22 
objectives in, 442-444 
calf production records of, 385 
crossbreeding of, 363-370 
heat tolerance of, 418, 444, 452 
heritability estimates for, 462 
ideal type in, 448 
inbreeding of, 314-315 
new breeds of, 340-343 
purebred, 388 
selection of, 442-469 
Beefmaster cattle, 341-342 
Beltsville, Maryland, Research Center, 
344, 363, 481 
Beltsville No. 1, 344-345 
Beltsville No. 2, 345-346 
Berthold, A. A., 33 
Binomial distribution, 227-229 
Birds, 45-41 
genitalia of, 44-46 
ovarian function of, 60 
spermatogenesis of, 38-39 
sterility in, 116-117 
(Sec also Fowl) 

Birth (see Parturition) 

Birth weight, 455-456 
Black-faced sheep, 476 
Bladder, eversion of, 110 
Blastocysts, 90 
Blood tests, 7 
Blood types, 188-189, 256 


Boars, 42-43, 508 
champion, 496 
inbreeding and, 316, 377 
progeny-tested, 515 
semen composition of, 75, 178 
testis function of, 37-38 
training of, 140 
use of, 142-143 

Body growth, androgens and, 34 
Border Leicester sheep, 476 
Brahman cattle, 340-343, 366-370. 444 
458-459 

Brangus cattle, 342 
Branham, L. T., 348 
Breed associations, development of, 16 
Breeders, basic job of, 2 
Breeding record form, 145 
Breeding systems, 297-298 
related animals, 300-329 
unrelated animals, 331-351 
British-type cattle, 11, 340-341, 444, 452, 
458-459 

Brown Swiss cattle, 103, 371, 428, 432 
production records for, 408-411 
Brucellosis, 108, 121-124, 150 
vaccination against, 122-123 
Bruno, Giordano, 3 
Button, Georges Louis, comte do, 5 
Bulbo-urethral glands (see Cowpcr's 
glands) 

Bull proofs, evaluation of, 432-433 
Bulldog calves, 394 
Bulls, 42-43, 72, 79, 368-370, 396 
for artificial insemination, 433-436 
champion, 401-402, 416, 426, 428, 

430 

effect of nutrition on, 126 
fertility of, 38, 80 
importance cf, 138 
Regression Index for, 431-432 
semen composition of, 75, 178 
sperm of, 66-67 
testis function of, 37 
trichomoniasis among, 124 
use of, 110-142 

vitamin deficiencies in, 127-128 
young, selection of, 425-428 
Burdizzo forceps, 35 
Bureau of Animal Husbandry Sheep Ex¬ 
periment Station, Dubois, Idaho, 
490-491 


Caesarean birth, 108 
Calcium, 114-115 
deficiency of, 128 
California, 362 
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California, dairy-cattle breeding experi¬ 
ment in, 316-317 
Calliham, M. R., 454 
Calves, beef, 145, 364-368, 385, 455-461 
birth weight of, 455-456 
evaluation of, 467 
feed utilization of, 461-465 
group feeding of, 461, 463 
heredity of, 459 

weaning weight of, 456, 458-461 
bulldog, 394 
dairy, 145 
dwarf, 395 

Calving, rebreeding after, 148-149 
Carcass evaluation, in beef cattle, 445- 
447,465-468 / 
in sheep, 474-476, 491-492 
in swine, 495, 497-500, 504, 510-511 
Carnivores, 4 
Castle, W. E., 221-222 
Castration, 33-35, 40-41, 54, 56 
advantages of, 34 
history of, 34 
methods of, 35 
Catenations, 238 
Cattalos, 350 
Cattle, 11, 61 
beef (see Beef cattle) 
breeding efficiency of, 147, 149, 162 
brucellosis among, 122-123 
dairy (see Dairy cattle) 
dual-purpose, 19, 468-469 
fertility of, 37 

genital diseases in, 150, 162-163 
inheritance of coat color in, 185 
leptospirosis among, 125 
lethal genes in, 289-290 
longevity in, 418 
new breeds of, 340-343 
origin and domestication of, 11-13 
ova of, 32 

ovarian function in, 60 
outcrossing of, 332 
prenatal mortality in, 136 
reproductive characteristics of, 150 
trichomoniasis among, 124 
vibriosis among, 123-124 
(Sec also Bulls; Calves; Cows) 

Cattle breeding practices, 146-150 
for young bulls, 427-428 
Cell division, 26 
Cell theory, 24 
Cells, 24-25 

Certified Meat Type programs, 510-512 
Cervix, 54-55, 61-62 
absence of, 119 

Chance, genetic change and, 259-260 


Charbray cattle, 342 
Charollais cattle, 342 
Chester White swine, 14, 361, 375 
Cheviot sheep, 487 
Chickens, 41, 392 
estrogen influence on, 55 
ovulation in, 59 
sperm survival in, 72-73, 86 
testis function in, 36-37 
(See also Egg production) 

Chi-square, 190-192 
Choline, 128 
Chorion, 92-94 
Chorionic gonadotropins, 95 
Chromatin, 25 

Chromosomal aberrations, 235-241 
Chromosome number, normal, 32 
Chromosomes, 25-26, 51-52, 65, 192-195, 
199-206 

recombination of, 231-234 
sex, 274, 276-277, 281-282 
Classification of animals, 7 
Cleanliness during parturition, 108 
Clitoris, 61, 63 
Cloaca, 41, 45 
Closebreeding, 310-311, 325 
Closed herds, 455 
Clydesdale horses, 156 
Cobalt, 129 

Collateral relatives, selection and, 389- 
390 

Color blindness, 193 

Colorado Experiment Station, 448-449 

Colostrum, 106 

Columbia sheep, 103, 154, 293, 315, 317, 
334, 338-339, 362-363, 482, 486-487, 
489, 492 

Comet (bull), 319-320 
Compensatory growth, 461 
Com pres t steers, 448-450 
Conception rate, 118 
Conformation in beef cattle, 444-447, 
465-468 

Congenital conditions, 292 
Convulsions, 110 

Cooperative beef cattle breeding research 
program, 468 
Copper, 129 
Copulation, 58 
sterile, 59 

Corn, breeding history of, 333, 372 
Cornell University, 435-436 
Corpora lutea, 46-47, 55-56, 106 
abnormal function of, 130-131 
formation of, 52-53, 57 
and mammary development, 106-101 
Correlation, genetic, 488-490 
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Correlation coefficient, 250-251 
Correns, K. E., 184 

Corriedale sheep, 103, 154, 339, 362, 477, 
482, 487 
Cortisone, 114 
Cotswold sheep, 473-474 
Cotyledons, 94 

Cowper’s glands, 28-29, 41, 44, 278 
Cows, 59, 62-63, 392 
artificial insemination of, 171-173 
champion, 401-402, 416, 426, 428, 430. 

468 

conception percentage of, 116 
culling of, 400, 405 
embryonic period in, 92 
estrual cycle of, 53-54, 131 
first heat in, after calving, 111 
gestation period of, 103-105 
implantation in, 92 
milk ejection by, 112-113 
milk secretion by, 113-115 
ovaries of, 46, 48 
ovulation in, 59 
persistency in, 294 
position of fetus in, 107-109 
rating and selection of, 419-423 
regression in, 251-252 
reproductive cycle of, 146 
reproductive efficiency of, 414-416 
small, 411-412 
superovulation in, 84-85 
Craft, W. A., 515 
Crisscrossing, 357 
Crossbreeding, 336, 352-378 
of beef cattle, 363-370 
of dairy cattle, 371-372 
definitions of, 337, 352 
genetic bases for, 352-355 
of hogs, 355-361 
of inbred lines, 372-378 
of meat animals, 443-444 
and new breeds, 337-351 
of sheep, 361-363, 476-477 
Crossing over, 201 
Crossovers, 322 

Cryptorchidism, 41, 118, 155-156, 396 
Culling, of beef cattle, 454 
of dairy cattle, 400, 405, 421, 423-124 
of sheep, 491 

Custis, Washington Park, 473 
Cytoplasm, 24 


Dairy cattle, California experiment in 
breeding of, 316-317 
crossbreeding of, 371-372 
heat tolerance of, 259, 418-419 


Dairy cattle, purebred and registered, 399 
score cards for, 412-413 
selection of, 399-440 
sterility in, 395 
in United States, 399 
increase in, 17, 22 
increased production by, 22 
(See also Cows) 

Dairy Herd Improvement Association 
(D.H.I.A.), 404-405, 407, 429 
Dams, care of, at parturition, 110-111 
(See also Female animals) 

Danish Landrace swine, 259, 344, 506-508 
Darwin, Charles, 5 
Darwin, Erasmus, 5 
Deafness, 198-199 
Delaine Merino sheep, 473 
Denmark, 343 

experiments on cattle in, 243 
progeny testing in, 433, 506-508 
Deviation, standard, 247-249 
Devon cattle, 367 
De Vries, D. P., 184, 258 
Dexter cattle, 287, 394-395 
Dienestrol, 101 
Diestrus, 59 

Dicthylstilbestrol, 53, 55, 101 
DifTuse placenta, 94 
Dihybrid, definition of, 182 
Diploid, definition of, 183 
Diploid number (2N), 32, 52 
Discoidal placenta, 94 
Disease resistance, selection and, 416-417 
Dogs, 8 

Dominance, 183, 198-199, 263, 265-266 
inbreeding and, 322-323 
lack of, 186, 262, 264 
Dominant, definition of, 182 
Dorset sheep, 153 
Down sheep, 471, 475-476, 486 
crosses between. 363 
Drosophila ampelophila, 195 
melanogaster, 189, 236-240, 274, 276, 
282, 287 

linkage map for, 203 
simulans, 236 
Dry-lot feeding, 461, 463 
Dual-purpose cattle, 19 
selection of, 468-469 
Dual-purpose sheep, selection of, 474, 
480, 491 

Dubois, Idaho, 338-339, 496-491 
Ductless glands, 33 
Dunn, L. C. f 220 
Duplication, 237 
Duroc swine, 14, 355, 496, 509 
crossing inbred lines of, 374-376 
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Dutchess Shorthorns, 133-134, 316, 388 
Dwarfism, 395-396 
in beef cattle, 449 

East, E. M., 219-220 
Eaton, 0. N., 289n. 

Ectoderm, 28, 91 
Egg production, light and, 38 
manganese and, 130 
minerals and, 128 
selection and, 383 
vitamins and, 128 
Eggs, 117 

Ejaculatory ducts, 43 
Elastration, 35 
Emasculatome, 36 

Embryology, of accessory reproductive 
organs, 41-44 
comparative, 7 
of testis, 29 
Embryos, 90-91 
formation of, 91-92 
male, 41 
Empedocles, 2 

Endocrine disturbances, 130-133 
Endometritis, 125 

Endomct riuny'nTf^ 

England, shcdjujp^ng >n, 471, 475 
(See also British-type cattle) 
Entoderm, 28, 91 

Environment, 180-181, 297, 384-385 
abnormalities and, 285-286, 291 
fertility and, 135 

milk production and, 400, 420, 440 
selection of meat animals and, 450-454 
sheep breeding and, 482 
and swine-carcass development, 497- 
498 

variation and, 230-231, 241-244 
Epididymus, 41-42, 45, 278 
Epigenesis, 28 
Epistasis, 196-199, 266 
dominant, 198 
recessive, 198 
Epithelial cells, 50, 54, 64 
Equal-parent Index, 428, 430-432 
Estradiol, 53 
Estriol, 53 

Estrogen, 51, 53-55, 103, 105 
fertility and, 130 
lactation and, 111-112 
and mammary development, 101 
produced by placenta, 95 
Estrone, 53 

Estrual cycles, 48, 53-54, 56-57, 59-60, 
131 


Estrual cycles, characteristics of, 146 
of cows, 53-54, 131 
of ewes, 153-154, 488 
insemination and, 148-149, 151 
light and, 155 
of mares, 156-157 
of sows, 150-151 
temperature and, 155 
variations in, 133, 156 
Evolution, 4-7 

Ewes, 59, 62-63, 392, 474, 476-477, 491 
artificial insemination of, 174 
crossbred, 362-363 
embryonic period in, 92 
estrual cycle in, 153-154, 488 
first heat in, after lambing, 111 
gestation tables for, 104-105 
lamb production of, 478-480, 486 
ovaries of, 46 
ovulation in, 59 
record cards for, 484-486 
reproductive cycle of, 146 
superovulation in, 83-84 
Exercise for breeding animals, 138-139, 
142 


F t (first hybrid generation), 183 
Ft (second hybrid generation), 183-184 
Fallopian tubes, 48, 61, 278-279 
Family, selection on basis of, 386-390, 
421-423 

Family names, 388-389 
Farrowing crates, 102 
Fecundity, definition of, 117 
in sheep, 478-480, 486-487 
(See also Fertility; Litter size; Pro¬ 
lificacy) 

Feeding, dry-lot, 461, 463 
milk production and, 419 
of parturient females, 110 

of swine, 494, 497-499, 504 
(See also Foodstuffs; Nutrition) 
Female animals, crossbred, use of, 357- 
360 

culling of, 392 

general management of, 144-146 
reproductive systems of, 46-63 
Fertility, age and, 147 
definition of, 117 
female, 60-61 
genetic factors in, 133-135 
inbreeding and, 133 
male, temperature and, 38 
overweight and, 138, 146, 155 
selection and, 396-397, 415 
Fertilization, 65, 82, 88-89 
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Fertilization, definition of, 88 
number of sperm required for, 73 
Fetal membranes, 92-95 
Fetus, position of, 107-109 
Fever, results of, 40 
Flushing, 154-155 
Follicles, 47, 49-50 
development of, 51, 56 
arid ovulation, 57-58 
Foodstuffs, natural, nutrition and, 1 , 39- 
40, 61 

(See also Feeding) 

Fowl, domestic, 22, 275 

artificial insemination of, 174, 179 
comb form in, 197 
creeper condition in, 287 
genitalia of, 44-46, 63 
inbreeding of, 314-315 
ovarian function of, 60-61 
sex reversal in, 279-280 
( See.also Chickens) 

Freemnrtins, 117, 119-120, 150, 279-281 
Fructolysis, 73-74 


Galactin, 111 

Galton, Sir Francis, 252-253 
Gametes, 65, 88, 183 
Gametogenesis, 30 
Geese, 37 

Gene frequency, 255, 261-263 
Gene mutations, variation from, 234-235 
Generative organs of bull, 29 
Genes, 3, 25-26, 180, 192-206 
action of, 222-223 
binomial distribution of, 227-229 
complex qualities of, 218 
composition of, 187 \ 

definition of, 182 
fixed and unfixed, 217-218 
lethal, effects of, 285-296 
list of, 289-291 
modifying, 220-222 
number of pairs of, 223-224 
recombination of, 231-234 
Genetic drift, 260 
Genetics, 180 

modern theory of, 205-206 
population, 254-271 
problems in, 206-215 
terms used in, 182-183 
Genic balance, theory of, 276-278 
Genital diseases, 121-126 
in cattle, 150, 162-163 
Genital tract, lesions of, 110 
Genitalia, anatomic defects of, 118 
female, 54, 61-63 


Genitalia, female, transport of sperm in, 

male, malformation of, 41 
mechanical injury of, 121 
sperm survival in, 73 
Genotypes, 182, 265, 387 
Germ layers, origin of, 27-28 
Germ plasm, 24 
Germinal cells, 24-25 
Germinal epithelium, 47, 50 
Gestation, length of, 102 
tables of, 104-105 
Goats, 13, 350 
breeding of, 19 
mating of, 38 
ovarian function of, 61 
reproductive cycle of, 146 
Gonadal hypoplasia, 395 
Gonadotropins, 95, 133, 155 
Gonads, 29, 278 
Graafian follicles, 47-52, 56-57 
Grading, 334-335 
value of, 335-337 

Grading guide for beef-cattle records of 
performance, 466 
Growth rates, of beef cattle, 332 
inbreeding apd, 314-315 
Guernsey cattle, 371, 416, 432 
production records for, 408-411 

Ham, 66, 76 
Ilampracc swine, 344 
Hampshire sheep, 361-363, 474-477, 481, 
487-488 

Hampshire swine, 344 
Haploid, definition of, 183 
Haploid number (N), 32, 52, 64 
Haploidy, 230-240 
Hardy-Wcinburg rule, 255-258 
Harsch, E. M., 495 
Health, selection and, 396-397 
Heat periods, insemination and time of, 
148, 151, 154, 156 
postpartum, 152 
resumption of, 111 
(See also Estrual cycles) 

Heat tolerance, of beef cattle, 418, 444, 
452 

of dairy cattle, 259, 418-419 
Hemorrhage after parturition, 110 
' Heredity, abnormalities and, 285-286 
applied to farm animals, 204 
definition of, 183 
dihybrid, 194-196 

evidence for gene theory in, 204-205 
J monohybrid, 183-186 
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Heredity, multiple-gene, 219 
qualitative, 180-215 
versus quantitative, 224-227 


quantitative, 216-229 
sex-influenced, 193-194 
sex-linked, 192—193 
types of, 181 
variation and, 230-231 
Hereford cattle, 103, 149, 294, 315-316, 
341-342, 363-366, 369, 378, 389, 395, 
456-458, 467 
comprest, 448 

Heritability, 266-267, 421-423 
of breeding efficiency, 414-416 
definition of, 266 
estimation of, 270-271 
milk production and, 403-404 
outcrossing and, 332-333 
and repeatability, 270 
in sheep, 486-488, 490 _ 
in swine, 501-504 
of type ratings, 413-414 
usefulness of concept of, 271 
Herman, H. A., 176 
Hermaphroditism, 26, 273 
Heteroploid, definition of, 183 
Heteroploidy, 239 

Heterosis, 324, 347-348, 353-354, 372 
Heterozygosity, 310-311, 314, 352-353, 
394, 396 

Heterozygotes, 182, 265 
Hexestrol, 101 
Hinnies, 350 
Hogs (see Swine) 

Holstein cattle, 141, 149, 222, 243-244, 
264, 296, 314, 316, 371, 378, 401, 432, 
438 

heart-girth measurements of, 246 
production records for, 408-411 
Holstein-Fricsian Association of America, 
413 

Holstein-Friesian cattle, 337 
Homozygosity, 306-314, 318, 324, 331- 
333, 340, 347-348, 352-353, 394, 428 
Homozygotes, 182, 265 
Hooke, Robert, 24 
Hormones, androgenic, 33 
cortical, 114 
definition of, 33 
estrogenic, 100 
female (see Estrogen) 
follicle-stimulating (FSH), 36, 56-57, 
95 

gonadotropic, 36, 39, 95 
interstitial-cell-stimulating (ICSH), 

36, 56-57 

involved in parturition, 103 


Hormones, lactogenic, 111-114 
luteinizing (LH), 36, 56-57, 59, 95 
luteotropic, 57 
male (see Testosterone) 
mammogenic, 101 
sex and, 276, 280-281 
synthetic, 33-34, 53 
Horses, 8 

breeding efficiency of, 156 
breeding practices for, 156-158 
evolution of, 10 
lethal genes in, 289 
origin and domestication of, 9, 11 
ovarian function in, 60 
(See also Mares; Stallions) 
Humidity, spermatogenesis and, 38 
Hunter, John, 160 
Hyaluronidase, 88-89 
Hybrids, 135, 182, 350-351 
Hydrosalpinx, 120 
Hypoplasia, 415 
gonadal, 395 


Ibsen, A. H. L., 185 
Idaho, 338-339, 476, 490-491 
Illinois Experiment Station, 355, 497 
Implantation, 92 
Impotency, 117 

Inbred lines, crossing of, 372-377, 505 
practical uses of, 377-378 
Inbred Livestock Registry Association, 
346 

Inbreeding, 260, 295, 299, 388, 427-428 
abnormalities and, 318 
calculation of, 308, 310 
coefficient of, 305-307, 319 
of common ancestors, 307-308 
definition of, 300 
fertility and, 133 
genetic effects of, 311-314 
good experiences with, 318-319 
outward results of, 314, 322-324, 353 
summary of effects of, 320-322 
types of, 310-311 
usefulness of, 324-325 
Income from livestock, 16 
Indexes, uses of, in selection, 392-394, 
511-515 

Indian cattle, 258-259, 418 
milk production of, 337 
Individuality, selection based on, 381-386 
Infections, castration and, 36 
uterine, 125-126 
vaginal, 125-126 
Infertility, 176 
estrogen treatment for, 130 
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Infertility, overweight and, 138 
unknown causes of, 136-137 
Inheritance (see Heredity) 

Inhibitors, 198 

Insemination (see Artificial insemination) 
Inseminators, duties of, 170-172 
training of, 163 

Interference of linkage groups, 204 
Intersexcs, 277, 281 
Interstitial cells, 33 
hormones and, 36 
Inversion, 235-236 
Involution, 111, 114 
Iodine deficiency, 129 
Iowa, 317, 335 ' 

Iowa dairy herd improvement associa¬ 
tions, 267 
Iron, 129 

IwanofF E. J., 160 

JDH Aristocrat Manso (bull), 325-326 
Jersey cattle, 296, 335, 371, *26. 432, 438, 
440 

production records for, 403-411 

Kemp in wool, 483 
Kentucky, 362, 477, 488 
Ketosis, 114 

King, Helen D., 282-283 
King Ranch, 341 

Labor pains, 107 
Lactation, abortion und, 111 
selection and, 403-405, 407, 411-412 
(See also Milk production) 

Lactation records, 429 
Laidlow, J^mos, 339 
Lamarck, J. B. de, 5 
Lambs, 476, 478, 480-482, 488, 491 
care of, 110 
castration of, 35-36 
Landrace swine, 343-344, 375, 377 
Landroc swine, 375 
Lard, 494, 497 
Lasater Ranch, 342 

Leeuwenhoek, Anton van, 3, 28, 66, 76 
Leicester sheep, 319, 339, 474 
Leptospirosis, 124, 150 
Levelig, cells of, 33, 36 
Life, origin of, 2-4 
Light, egg production and, 38 
e8trual cycles and, 155 
ovarian function and, 60-61 
sheep-breeding practice and, 155 
Light, spermatogenesis and, 38-39 


Limitation of linkage groups, 204 
Lincoln sheep, 338-339, 362, 474, 476 
Linear order, 201-202 
Linebreeding, 311, 326-329, 389 
definition of, 325 
Linecrossbreeding, 375-376 
Linecrossing, 372-375 
Linkage, 199, 201 
Linkage groups, 204 

Litter size, 82-83, 89, 117, 151, 153, 498, 
500-505, 508-511, 514-515 
age and, 152 

crossbreeding and, 360-361 
selection for, 135, 334, 385 
Livestock in United States, present 

status of, 18 
value of, 17-18 

Livestock breeding, genetic theory of, 265 
objectives in, 298-300 
problems in, 216 
in United States, 16-22 
opportunities in, 18-22 
Livestock show, first, 397 
Lobule-alveolar system, 98, 101 
Longevity in cattle, 418 
Longhorn cattle, 319, 341 
Lush, J. L., 246, 267 
Luteotropic hormone, 57 
Luyet, experiments of, 80 


MacArthur, J. VV., 222-223 
Male animals, management of, 138-140 
reproductive systems of, 24-45 
Mammals, classes of, table, 20-21 
development of, 4 
farm, 275 

Mammary glands, 97 
development of, 98 

endocrine regulation and, 100-101 
Mammary involution, 100 
Mammotropin, 111 
Man, 4 

conception rate in, 38-39 
testis function in, 36 
Manganese, 129 
Mapping, 202-203 
Mares, 61-62, 121 
abortion among, 125 
artificial insemination of, 173 
estrual cycle of, 156-157 
first heat in, after foaling, 111 
gestation tables for, 10*1-105 
implantation in, 92 
ovaries of, 46 
placenta of, 95 

pregnancy detection in, 96-97 
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M ares, re productive cycle of, 146 
“superbvulation in, 84 
Maryland Agricultural Experiment Sta¬ 
tion, 345, 447 
Maryland No. 1 swine, 345 
Masculinity* testosterone and, 34 
Mass selection, 381 
Mastitis, 417 

Maternal impressions, 292 
Mean, 245 

deviation from, 247-249 
Meat animals, breeding of, 19, 22 
castration of, 33 

environment and selection of, 450-454 
high-priced cuts in, 446-447, 465 
in United States, increase in, 17-18 
Meiosis, 31-32, 52, 190 
Mendel, Johann Gregor, 181, 183-184, 
186, 194, 199 
Menopause, 60 
Menstruation, 54-55, 59-60 
Merino sheep, 153, 315, 317, 473-474 
Mesoderm, 28, 91 
Metabolism, androgens and, 34 
calcium, 114-115 
phosphorus, 114 
Metritis, 125 

Migration, genetics and, 258-259 
Miles City, Montana, 147, 344, 361, 363, 
464, 467 

Milk, ejection of, 112-113 

Milk fever, llO^m—- 

Milk production, 2, 12, 39, 57, 161, 218, 

■22 b, 243, 39V40U T 45S - 

age and, 405, 407-411,424 
and calf weight, 458 
crossbreeding and, 371-372 
of dual-purpose cattle, 469 
environment and, 400, 420, 440 
factors in, 411 
feed and, 419 
grading and, 337 
heritability and, 403-404 
high, 114 

inbreeding and, 317 
progeny tests and, 429-430 
records in, 19, 400, 420-421, 428, 439 
regression and, 436 
selection ioi^SSS, 403-412 
of shee^tf 

standartUz^fion of records for, 404-412 
type and, 437-440 
in United States, 399 
Milk secretion, initiation of, 111 
maintenance of, 113 
Milking, 112-113 
frequency of, 405 


Milking, frequency of, records on, 406 
prepartum, 106 

Milking Shorthorn cattle, 19, 430, 469 
Mineral deficiencies, 128-130 
Minnesota Agricultural Experiment Sta¬ 
tion, 344, 357, 359, 503 
Minnesota No. 1 swine, 344 
Missouri, 446-447 
Mitosis, 27, 30 
diagram of, 51 
Monestrus mammals, 60 
Monohybrids, 182, 185 
Montana, 147, 344, 361-363, 464, 467, 
476 

Montana Agricultural Experiment Sta¬ 
tion, 344 

Montana No. 1 swine, 344 
Mortality, embryonic, 276 
in sheep, 156 
in swine, 153 

and inbreeding of calves, 316-317 
prenatal, 135-136, 142 
Mouflon sheep, 475 
Mouw, Peter, 495 

Mules, 135, 296, 348-349 _ 

Mullerian duct, 48, 61, 278-281 
Mutations, 181, 258, 286 
and selection, 263-264 


National Association of Artificial Breed¬ 
ers, 176 

Natural selection, 254, 348, 380 
Nervousness, in dairy cows, 418 
parturition and, 106-107 
New breeds, 334 
of cattle, 340-343 
crossbreeding and, 337-338 
of sheep, 338-340 
of swine, 343-346 
variability in, 347 
New Mexico, 362, 460, 489 
New Zealand, sheep breeding in, 476, 489 
Nicking, 292-293 
Nilsson-Ehle, H., 219-220, 222 
Nucleolus, cell, 24 
Nucleus, cell, 24 
Nurse cells, 32-33 
Nutrition, breeding and, 152-155 
of meat animals, 450-453, 461-465 
(See also Feeding) 

Nutritional deficiencies, 126-130 


Observation, evolution and, 7 
Ohio Agricultural Experiment Station, 
358-359, 364-365, 375 
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Oklahoma Experiment Station, 161, 374- 
375, 448-449 
Oocytes, 52 
Oogenesis, 32, 48-52 
Oogonium, 52 

Open herd books, 293-294, 334, 377 
Opossums, sex modification of, 281 
Organic evolution, 4-5 
Darwin’s theory of, 6-7 
definition of, 4 
evidence for, 7 
Outbreeding, 331, 348 
Outcrossing, 331-332 
usefulness of, 332-334 
Ova, 46-48 
cleavage of, 90 
development of, 49, 53-54 
fertilized, transplantation of, 85-86 
motility and transport of, 82 
period of fertilizabilitv of, 89 
physiology of, 65, 69 
sperm and, compared, 69 
survival of, following ovulation, 82-83 
Ovarian cysts, 131-133, 415 
Ovariectomy, 56 
Ovaries, 59 
anatomy of, 46-47 
cystic, 131-133, 415 
diagram of, 49 
embryology of, 47-48 
endocrine function of, 53-56, 100 
function of, 36 
age and, 60 
seasonal, 60-61 
germinal cells in, 24-25 
hormonal regulation of, 56-57 
removal of, 56 
Overdominance, 323, 348 
Overweight, fertility and, 138, 146, 155 
Ovigerous tubule, 50 
Ovulation, 57-59 
abnormal, 150 
age and, 60 
in cattle, 148, 150 
in horses, 156-158 

and insemination, synchronization of, 86 
menstruation and, 60 
neurogenic factors in, 59 
in sheep, 154-155 
spontaneous, 57 
in swine, 150-152 
Oxen, 11-12 

Oxytocic factor, 103, 105, 113 

P (parental generation), 183 
Paleontology, 7 


Panama sheep, 339 
Panmixia, 256 

Pantothenic acid deficiency, 128 
Paralysis, 110 
Parameters, 244 
Parathyroid glands, 114-115 
Parthenogenesis, 26-27, 90 
Parturition, a ct of, 106-108 
assistance at, 108, 110 
duration of, 107 
interruption of, 106 
physiologic regulation of, 103, 105 
place of, 101-102, 106 
signs of, 106 
winter, 103 
Pasteur, Louis, 3 
Pedigrees, 377, 391 
of bull Comet, 320 
of bull JDH Aristocrat Manso, 326 
to illustrate linebreeding, 328 
sample, 427 

selection and, 386, 388-389 
two-generation, 425 
Penis, 29, 41, 44 
injury to, 121 
malformation of, 119 
Performance records, selecting beef cattle 
by, 454-455, 458, 466 
selecting sheep by, 483-486 
selecting swine by, 498-500 
Perosis, 129-130 
Perry, E. J., 161 
PflUger’s cord, 47, 279 
pH of semen, 78-79 
Phenotypes, 182, 265, 387 
Phosphorus, 114 
deficiency of, 128 
Photosynthesis, 1 

Physiology, of female reproductive sys¬ 
tem, 48-63 

of male reproductive system, 24-45 
Pien niu, 350 
Pigs, care of, 110 
castration of, 35-36 
weaning weight of, 498-499, 508-509 
(See also Swine) 

Placenta, 92-95, 107-108 
endocrine function of, 95, 105 
expulsion of, 108 
retained, 110 

Poland China swine, 14, 333, 344, 355, 
376, 495-496, 514 
Polyestrous mammals, 60 
Polyploid, definition of, 183 
Polyploidy, 240-241 
Population of United States, of farm 
mammals, 18-19, 21 



INDEX 


533 


Population of United States, human, 18 
Potency, definition of, 117 
Poultry (ue Fowl) 

Precipitation, spermatogenesis and, 38 
Preformation, theory of, 28, 65 
Pregnancy, diagnosis of, 95-97 
mammary changes during, 98-1W 
Pregnant mare’s serum (PMS), 95 
Prepotency, 294-295, 324 

Probability, heredity and, 189-190 

Production records, calf, in beef cattle, 

385 

dairy cattle, standardization of, 404- 

412 

Production Registry program, 508-510 
Production-tested herds, 455 
Proestrus, 59 

Progeny, selection and, 391-392 
Progeny tests, 426 
and artificial insemination, 435 
in Denmark, 433, 506-508 
methods of expressing, 428-432 
for rams, 490 
for swine, 514-515 
Progesterone, 53-57, 101, 103, 105 
lactation and, 111 
Prolactin, 111 

Prolificacy, 117, 498, 514 -515 
(See also Fecundity; ~ 

Prostate, 28-29, 41, 43-44, 278 
Protein deficiencies, 127 
Protoplasm, basic properties of, 24 
Pseudopregnancy, 97 
Purdue University, 375, 500, 503 
dairy herd of, 39 

Purebred Livestock Registry Associ¬ 
ation, 519-522 

Purebreds, 294, 334-336, 355-356, 359- 
360, 364, 377, 444, 458, 477 
adaptation of, 337 
laying foundation for, 15-16 
Pyometra, 125 


Quadruplets among sheep, 154 
Quality, selection for, 394-396 
Quantity, selection for, 380-381 


Rabbits, experiments with, 187-188 
Race, definition of, 182 
Rambouillet sheep, 103, 154, 315, 317, 
338, 361-363,472-474, 476-177, 479, 
486-487, 489, 492 

Rams, 42-43,361-363,473-474,477,491- 
492 

champion, 472 


179 


Rams, fertility of, 38, 488 
progeny-tested, 490 
semen composition of, 75, 
sperm of, 67 
testis function of, 37 
use of, 143-144 
Random mating, 255-256 
Rats, experiments on, 221, 282-283, 315, 

319 

Red Dane cattle, 371 
production records for, 408-410 
Red Poll cattle, 468 
Red Sindhi cattle, 259, 342, 418 
Redi, Francesco, 3 

Regional Swine Breeding Laboratory, 

314- 315, 372, 502-503, 515-516 
Registration, 293, 334 

selective, 295-296 
Registry books, 16 
Regression, 251-253, 436, 488 
intra-sire, 270-271 
repeatability and, 267-270 
Regression coefficient, 251-252, 436 
Regression Index, 431-432 
Relationship, breeding and, 300-301 
collateral, 302 

complete coefficient of, 309-310 
measurement of, 301-305 
Relaxin, 103, 106 
Repeatability, 267-270 
breeding efficiency and, 414-416 
selection and, 384-386 
Reproduction, effects of inbreeding on, 

315- 316, 353 
types of, 26-27 

Reproductive efficiency, 118 
in beef cattle, 455 
selection and, 414-415 
Reproductive failure, causes of, 
Reproductive organs, accessory, 61-63 
Reproductive system, female, 46-63 
male, 24-45 
Rcte testis, 28-29, 41 
Reversion, 291-292 
Riboflavin, 128 
Rickets, 128 
Rodents, 4 

Romney Marsh sheep, 487, 489 
Romney sheep, 475 
Romo-Sinuona cattle, 259 
Rotational crossing, 357-359 


Santa Gertrudis ca ttle. 334, 340-342, 

Schleiden, M. J., 24 
Schwann, Theodor, 3, 24 



534 BREEDING AND IMPROVEMENT OF FARM ANIMALS 


Score cards, for dairy cows, 412 
for sheep, 483-485 
Scotland, sheep breeding in, 476 
Scours, 110 

Scrotal hernia, 28, 41, 119 
Scrotum, 28, 35-36, 41 
function of, 39-40 
Seasonal breeders, 59 
Segregation, heredity and, 185 
Selection, 260-263, 299 
of beef cattle, 442-469 
conformation as basis for, 444-449, 
465-468 

environment and, 450-454 
performance and, 454-455 
of dairy cattle, 399-440 
basis for, 419-423 
disease resistance and, 416-417 
goals of, 401-403 
opportunity for, 423-425 
production and, 403-412 
reproductive efficiency and, 414-415 
type and, 412-414 
of dual-purpose cattle, 468-469 
fertility and health in, 396-397 
general principles of, 380-398 
on basis of family, 386-390 
on basis of individual, 381-386 
for quantitative characters, 380-381 
mass, 331 

mutation and, 263-264 
natural, 254, 348, 380 
outcrossing with, 333-334 
progeny and, 391-392 
for qualitative characters, 394-396 
for quantitative characters, 380-381 
sex ratio and, 282-2&3 
of sheep, 471-492 
show ring and, 397-398 
of swine, 494-516 
indexes used for, 512-515 
performance in, 498-500 
use of indexes in, 392-394, 512-515 
of young bulls, 425-428 
Selection differential, 381 
Semen, 43-45 

for artificial insemination, 70-71, 73, 
161-162 

collection of, 164-168 
processing and shipment of, 168 - 
174, 177-178 

electrical impedance of, 80 
evaluation of, 76-80 
osmotic pressure of, 76 
pH of, 78 

physicochemical properties of, 74-76 
purity of, 79 


Semen, quality of, exercise and, 142 
frequency of service and, 141-143 
temperature and, 143 
ram, 488 

and spermatozoa, metabolism of, 73 - 

volume of, and sperm numbers, 69 - 
70, 76-77 

Seminal vesicles, 29, 43, 278 

Seminiferous tubules, 30-33, 36 . 278 

Sertoli cells, 32-33 

Sex determination, 273-278 

^ genetic basis of, 274 

Sex ratio, conditions influencing, 281- 

effcct of selection on, 282-283 
in farm mammals, 275 
primary, 276 
secondary, 276 

Sexual differentiation, 29, 274, 278 
endocrine modification of, 280-281 
of female, 279 
of male, 278-279 
modified, 279-280 
Sexual infantilism, 130 

f heep, 13, 22, 61, 350 

breeding of, 19, 61, 153-156, 471, 473 
environment and, 482 
fads in, 477-479 
records for, 483-486 
breeding cycle of, 37 
breeding efficiency of, 154 
crossbreeding of, 361-363, 476-477 
dual-purpose, 474, 480, 491 
face covering in, 477-479 
gestation periods of, 103-105 
hcritability of economic characters in, 
486-488 

inbreeding of, 315 
lethal genes in, 290 

mating of, 38-- 

mutton breed o C175-476, 49 Tn 
new breeds of, 35^54u 
out-of-season breeding in, 155 
outcrossing of, 333 
ovarian function of, 60-61 
performance records of, 480-486 
prenatal mortality in, 136 
purebred, 477 
selection of, 471-492 
goals in, 479-483 
types of, 473-476 
vibriosis in, 123-124 
(See also Ewes; Lambs; Rams) 

Shire horses, 319 

Shorthorn cattle, 255-256, 332, 341-342, 
353, 363-364, 366, 456 



INDEX 


535 


Shorthorn cattle, Dutchess, 133-134,316, 
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